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FOREWORD

Thij is a final report on the Main Tank InjecLion (MTI) Pres-
surization System Program sponsored by the Air Force Rocket Pro-
pulsion Laboratory, Edwards Air Force Base, California, under
Contract AF04(611)-8198. Mr. Charles H. Allen (DGRPT) of the
Rocket Research Laboratories, AFFTC, Edwards Air Force Base was
the Project Officer and Mr. Thomas R. Heaton of the Martin
Company, Program Manager. The technical effort was primarily
under the direction of Mr. Franklyn L. Roberts, Assistant Manager
and Richard J. Kenny, Project Engineer.

In addition to the primary authors, technical contributions
were also made by Messers. T. Pharo, T. F. Morey, A. Joslin, and
T. Blum who worked on specific areas of the investigation on a
part time basis. Acknowledgement is also given to Messrs.
D. Cary and T. Ward who conducted the Phase I and III test program,

respectively, and Mr. R. Yarrow who programed the MTI Mathematical

Model on the IBM 7094 digital computer.

The research and development work was erformed at, the Martin-

Denver Hazardous Materials and Cold Flow Laboratories, while the
major portion of the chemical analysis was conducted by the Na-
tional Bureau of Standards Laboratory in Boulder, Colorado. The

theoretical studies and engineering effort was the responsibility

of the Advanced Technology Unit, Propulsion Section. This re-
port covers the work performed during the 15-month period com-
mencing 1 June 1962.

The Martin Company report number for this document is FTC-CR-

63-23.
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ABSTRACT

This report describes the analytical and experimental effort
expended in the development of a flight type ground demonstra-
tion test article employing a Main Tank Injection (MTI) Pres-
surization System. The overall program was conducted in four
phases: (1) Preliminary investigations including the basic re-
search and development of a small-scale system; (2) design and
fabrication ot a tlight-type test article; (j) zuii-scaLe system
development and demonstration test; and (4) system analysis re-
sulting in the formulation of a design handbook and study of
specific vehicle applications.

Several theoretical studies were performed to establish sys-
tem requirements and determine possible system configurations.
A brief investigation of materials required in the design of a
chemical pressurization system was also performed. Based on an
analysis of current vehicle requirements and information gained
in the small-scale test program, an ?4TI pressurization system
design criteria was compiled to direct the full-scale demonstra-
tion system design. An abbreviated version of the IBM-7094 MTI
mathematical model was used in the early performance studies
while a general description of the final version is contained
with a comparison made of experimental and theoretical data.

A considerable amount of experimental data were accumulated
during the course of the program and were analyzed to identify
pertinent effects resulting from the chemical pressurization proc-
ess. Composition and properties of the pressurizing gas and
rate of ullage saturation with propellant vapors are reported
based on extensive mass spectrometer gas analysis, An investiga-
tion of propellant-degradation due to the reaction prbceis and
dilution by condensate is.also-Included.- DeternngJ-ract'on
process characteristics was a 1major consi14xatlan 4_tU-
gram to establish reagent consumption and-system thermodynaides.
Theoretical heat and mass balances are described, based on the
reaction mixture ratio determination and combustion zone defini-
tion.
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LIST OF SYMBOLS

a Vehicle acceleration (g)

A Heat transfer area, exposed gas surface (ft2)S

A , Aw Wall heat transfer surface, averdge (sq ft)

0 Perimeter of cross section surface of tank wall for
longitudinal conduction (ft)

Cd Orifice discharge coefficient

C Specific heat of gas (Btu/lb *R)

C3  Specific heat of wall material (Btu/lb 6R)

C V Specific heat of constant volume (Btu/lb °R)

d Orifice diameter (in.)

Dm  Diameter, mean (ft)

F Thrust (lbf)

g€ Gravitational constant: 32.2 ft/sec2

! / Enthalpy difference (Btu)

R Total enthalpy of Neab --ion poducts in fuel t* (his)-

H BTotal enthalpy of gas leaving fuel tank (Btu)

h Convective coefficient of beat transfer (kiu/sec ft R)

h Height of fluid above pump auction (ft)

I S pecific impulse (lbf-sec/lb.)

( _
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J Conversion factor (778 ft-lb/Btu)

k Thermal conductivity (Btu/sec ft OR)

k W Ullage factor (VdVtotal)

MW Molecular weight of gas (lb,/mol)

MF or M Mole fraction

NNu Nusselt modulus (hD/k)

Nr Grashof modulus (P0 2 a / AT

Npr Prandtl modulus ( CkkA

n Time interval

P Tank pressure (psia)

Ap Pressure drop (psi)

P Chamber pressure (psia)
c

Q Heat transferred by convection (Btu)

Volume outflow rate (ft
3/eec)

OVAL Heat tran for (to wall, to liquid) (Btu).

(Q/A)~ External environment wall heat rate 'Rusee fta) -

8 Cross section surface area of tank wall for longitudinal

c tion (ft 2 )

T Temperature (OR)

T Temperature rate change (*R/sec)
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t Temperature (*F) or wall thickness (in.)

At Temperature difference (*F)

Ta  Ambient temperature (*F)

U Total gas internal energy (Btu)

U Overall film coefficient (BtuAr ft 2 OR)

V Volume (cu ft)

Vw  Volume of wall material (cu in.)

v Velocity (fps)

W Gas weight (ibm)

w Reagent weight (ibm)

Wfo Weight flow rate (lbm/sec) fuel or oxidizer

w Weight fraction of gas

GREEK SYMBOLS

0 7L ( -)Btu/sec in.2 (OR) or degree of N204

dissociation

1 Coefficient of volumtric expansion[j..

Ip PCI Btu/in. 2 (OR sec)

Y Ratio of specific heats, C/C v

C- Time (sec)
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Tb Burning time Csec)

A~rr Response time (see)

I' Viscosity (lb/it-sc)

p Density (ibm/CU ft) or (lbm/cu in.) wall calculations

Reaction mixture ratio, weight of oxidizer/weight of
fuel

Constant for relative vall heat transfer

W Frequency, cycles per second

SUBSCRIPTS

b Bleed

c Condensible

op Combustion products

f Final or fuel

9 Gas

I Initial

int Inert

a Matrial

0 Oxidizer

V Vaporized propellant

v Wall
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I. INTRODUCTION

The Main Tank Injection (MTI) Pressurization System is a
chemical method of propellant tank pressurization. The process
is initiated by injecting a small quantity of hypergolic reagent
into the main propellant tank. Subsequent pressurization of the
other tank may be accomplished either by direct reagent injec-
tion or in the case of the oxidizer tank, may be pressurized by
the combustion products generated in the fuel tank. This system
is desirable because of the high density and low-pressure stor-
age of the reagent, and the capability for generation of a rela-
tively low density pressurant without the use of a heat exchanger.
This study concerns the adaption of an MTI pressurization system
to a flight-type test article and to specific current propulsion
systems using the propellants nitrogen tetroxide and a 50/50
blend of hydrazine and unsymmetrical dimethylhydrazine.

The technical approach has been to study the important factors
influencing the pressurization process by laboratory experiments
and analytically determine system operating characteristics to
evaluate various possible designs. Several engineering studies
were completed initially to establish the pertinent design require-
ments of such a system, identify desirable configurations, and
determine the most promising applications. Verification of the
theoretical performance and development of a practical system was
accomplished by a considerable amount of testing on 5 1/3-cu ft
thick wall spherical tanks and subsequent demonstration in a
2,000-gal. full-scale flight-type ground test article. The re-
search fixture was fabLicated to investigate the actual reaction
process and develop components and operating procedures on a
small-scale basis at pressures up to 200 psia. Full-scale sys-
tem design recommendations were established from this program,
which involved approximately 80 tests.

Based on the full-scale system testing and oorrelatinm with
the performance predicted by a mathematical madel, the... wt
system characteristics were compiled in the form of a design
handbook. By using the knowledge gained from the entire program,
a study of two Air Force-designated vehicles was performed to
evaluate the possible adoption of an MIl Pressurizati& System to
those designated vehicles.

(_



RTD-TDR63-ll23

II. PHASE I PROGRA14

The primary objective of the Phase I program was to develop a
small-scale MTI Pressurization System and obtain sufficient data
to identify full-scale system design requirements. Several pre-
liminary studies were performed to enable small-scale system de-
sign and provide guidelines for research testing. These studies
included an identification of system requirements, an evaluation
of possible configurations and applications, a materials investiga-
Lion, and the development of small computer program for determining
approximate system performance for separate tank pressurization.
The major portion of the Phase I effort was devoted to closed sys-
tem testing of the small-scale research fixture with a small amount
of qualitative laboratory experimentation.

A. PRELIMINARY INVESTIGATION

A thorough search of the literature concerning similar processes
and a review of previous experimentation on the chemical pressuri-
zations of liquid propellant rocket propulsion system was performed
initially to acquire a knowledge of the process and identification of
anticipated problems. The feasibility of the process was established
by the smooth combustion reported by Lockheed (SSD-TR-61-21). Thus,
emphasis was placed on adapting the process to a flight weight sys-
tem, and obtaining further information on process characteristics
in view of the high combustion temperatures involved.

Further identification of the combustion phenomena or identifi-
cation of influence parameters was not described in the literature,
and only a very small portion of the information acquired was ap-
plicable to the type process involved. Using experimental data from
the literature search and established techniques for eqilibrium-
type combustion reactions, estimates of expected operating char-
acterietee were made. In addition, the generalrequirikts,
construction, and application of the 4T Freasurization System were
studied and pertinent results are summariged in this chapter.

1. Reauirements Study

The general requirements for adaption of the HTI pressurization
process for any particular rocket vehicle application were studied
to provide basic design and performance data. A specific attempt
was made to identify pertinent operating conditions or environments

II-1



RTD-TDR-63-1123
m(I

that would impose unique design considerations on the various in-
jection techniques and system configurations. Where absolute values
could not be established due to the general nature of the study,
the important factors influencing the requirements were identified.
The significant design requirements affecting the MTI pressurization
techniques were studied for three basic applications, large boosters,
sustainer vehicles, and space exploration systems. These require-
ments are discussed with respect to the pressurization system, pro-
pellant feed system, engine system, and structural characteristics.

Pressurization System - The primary advantage of the chemical
pressurization system lies in its capability for high-density stor-
age at low pressures, and low-density pressurization of the propel-
lant tank ullage. The resultant overall system weight, however,
has to be determined for the particular application, since the op-
timum design will be a function of pressurization system configura-
tion and capacity. Therefore, a particular weight limit cannot be
established as a general requirement. Pressurization system weight,
however, can be computed from the sum of the weights of the pres-
surizing gas and components required. In the case of any pressuri-
zation system, the residual pressurant remaining in the storage
container should be included. In the gas generator and MTI systems
any condensate formed must be identified. If extra capacity turbo-
pumps or gas generators are required to effect pressurization a
proportional share of the weight of these systems should be included.
For comparison, comparable pressurant storage density and final den-
sity of a stored gas in a helium system and an MTI pressurization
system are shown in the following tabulation:

Storage Density Pressurant Density

Type Design (lb/ft 3) (lb/ft3 )

Helium System 1.937 (525*R and 0.018 (7500R and
3000 psia) 36 puia)

NTl S-item 67* (525"R and 0.067* (750"R and
36 psi&) 36 psia)

*Based on a reaction mixture ratio of 0.7 and molecular

weight of 15.

The final gas density of an MlT system operating at comparable
temperatures is 3.7 times heavier than the helium density. However,
the heat exchanger and large storage container required in the helium
system imposes a severe weight penalty. Although the Mlr system is
penalized by condensing products of reaction, the elimination of a
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heet exchanger and the lighter storage system required (due to the
low storage pressure and 34.6 times higher initial density) makes

this system appear attractive for many applications,

A study of pressure control requirements has indicated that
separate characteristics are required for pump- and pressure-fed
engines. The propellant tank ullage pressure requirement would be
a function of the trajectory and vapor pressure (for pump systems).
In general, a tolerance of 3% is mandatory for most applications
for the pressure profile required during the mission. The pres-
surizatlon system to be developed must maintain the desired tank
pressure under variable propellant outflow to demonstrate system
versatility, even though it may not be required for some future
applications. Changes in ambient conditions as a result of a par-
ticular flight pattern or mission must not affect tank pressure
control. That is, propellant slosh or inertia forces exerted on
the reagent injected should not adversely affect the process.
Based on possible future application, the pressure range for sys-
tem operation would be from 20 to 300 paia. Special applications
requiring higher operating pressures will cause unique problems in
tank and insulation material requirements due to the inherent high
temperatures encountered.

The system operating temperature limits have been established
considering propellant, component, and tank materials. Although
the effects of propellant vaporization cannot be identified for
general application, an upper temperature limit of 1000*F at low
pressure (20 to 60 psia) has been established for the storable pro-
pellants under consideration. This limit is based on possible rapid
decomposition of the hydrazine-unsymetrical dimethyl hydrazine mix.
Similarly, a 1000F hot gas temperature limit has been imposed due
to current component design. The following tabulation identifies
maximum system operating temperatures based on allowable tank wall
temperatures.

Estimated Maximum
Maximum Material Ullage Gas

Material Temperature ('F) Temperature (*F)

Aluminum Alloy 300 500

Titanium 700 1000

Stainless Steel 1000 1400

High Temperature
Steel Alloy 1300 1800
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A gas temperature tolerance of 47% in the 300 to 5006F range

and +5% tolerance in the 500 to 1000F range has been established
to verify system performance repeatability. This temperature con-
trol must be inherent in the NTI pressurization process to establish
reagent loading quantities and minimum insulation requirements.

Other miscellaneous general requirements identified include:

1) Previous pressurization system experience has estab-
lished a 5% maximum initial propellant tank ullage
volume for efficient system design;

2) For certain space missions requiring a rendezvous and
refueling operation, the absence of a facility gas
supply for prepressurization of the initial ullage

volume imposes a need for adequate MTI system response
for pressure control with this minimum ullage;

3) Continuous pressurization during long-term storage in
space may be required for an instant response engine
re-start capability. However, pressurization after
long coast periods should be demonstrated to establish
time requirements since proper propellant orientation
may be required before and during pressurization;

4) Hazardous conditions imposed by zero-gravity operation
of an WfI common ullage system require that a suitable
system design be developed.

Detailed MTI system and component requirements are presented
in Chap. III.B for the small-scale system development program. The
design parameters for full size applications are given in Chap. V.B.

Propellant System - MTI system design requirements resulting
from propellant system characteristics were considered in view of
rocket engine, flight control, and structural requirements. These
requirements can generally be classified as functional and compati-

bility problems resulting directly from the condition of the liquid.

Functional requirements indirectly concern engine performance,
component operation, residual propellant, and overall system and
vehicle performance. Propellant vaporization resulting from the

MNI pressurization process will directly contribute to the overall
weight penalty imposed and must be minimized for any given propel-
lant combination. The engine and component function requirements
dictate the condition of the propellant must insure less than 57
soluble inerts and viscosity increase for the fuel and 1% limit for
the oxidizer, based on available data. The following tabulation
itemizes maximum particulate contamination.
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Solids Fibr

Maximum
Maximum Diameter

Diameter ( t) No. Allowed Length (p) U No. Allowed

0 to 300 Not limited by count 0 to 750 25 Not limited by count

300 to 500 6/1000 ml of liquid 750 to 2000 25 21/100 ml of liquid

500 to 1000 2/100 ml of liquid 2000 to 6000 40 3/100 ml of liquid

Over 1000 1/100 ml of liquid

In addition, the allowable entrained vapor in the propellant must
be less than 3% for the turbopump pressurized systems to keep within
the allowable thrust variation established by current propulsion
system specifications. This specific requirement will be a func-
tion of pump design, and will have to be assessed on an individual
basis. For gas pressurized systems as much as 10% or more entrained
vapor may be allowed. The allowable moisture content should be less
than 2% by volume to insure a reduction in specific impulse of less
than 1/2%. A typical more specific description of this requirement
is shown in Fig. II-1 with some performance predictions of a spe-
cific rocket systems shown in Fig. 11-2.

The effect on vehicle stability due to slosh induced by the sub-
surface pressurization process will require an analysis of the spe-
cific application. Vehicle-induced slosh, however, will create a
design requirement to prevent splashing propellants into the common
ullage manifold and to maintain stable pressure control with the
surface reagent injection system. Vehicle pitch rates have been
established from a review of nominal booster trajectories to in-
sure MTI process control. The design pitch rates are 15 deg/sec
for roll and 5 deg/sec for pitch and yaw; a frequency of <5 cps
applies to all three maneuvers.

The random vibration design criteria are presented in Fig.0 -3.
Propellant surface effects created by this criteria were used to
establish MT1 capability under simulated flight conditions.
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• Eneti- S.tem- A survey -o- engine--4impeltant feed. rsQUn t
was made to identify significant requirements for an M rl pressuri-
zation system design. Two general engine types were investigated
and categorized according to the type of propellant feed (pump or
gas pressurized). The requirements established for each system
considered engine performance degradation due to propellant or pres-
surization system effects that are induced by the MTI process. The
required pressure range for tank pressurization has been established
from a survey of current engine requirements at 20 to 50 psia for
pump-pressurized systems and 50 to 200 psia for gas-pressurized
system, The allowable pressure fluctuation of ±3% has been dic-
tated by allowahle mixture ratio shift and thrust variation. MTI
system requirements include maintaining the desired tank pressure
within tolerance during the engine start transient as well as dur-
ing steady-state engine operation. An interpretation of existing
booster engine model specifications has shown that the pressuriza-
tion system response must be adequate to supply sufficient gas for
a maximum propellant flow increase of 10% maximum/millisec up to
60 to 70% rated thrust, and 0.757/millisec from 50% to full thrust.
Steady-state propellant flow variations are not critical and amount
to +1.25%. Figure 11-4 shows a typical start transient for a pump-
pressurized propulsion system.

Current engine design using density compensators requires that
propellant density be defined for accurate engine calibration. An
additional requirement is also apparent for turbopump systems since
propellant vapor pressure must be considered. The following fluid
bulk density variations have been established at the tank outlet
with a maximum temperature variation rate of 4F/min.

Density Bulk Tempera-
Propellant (lb/cu ft) ture (°F)

N204 89.3 to 92.4 40 to 80

0.5 UDMH/0.5 N2H 56.0 to.57.2.. .40. to 80

Additional pressurixatio system requirments occ=i when t.he
design musti adapt to dhmnjing po~ln ~i~rt ncne~
with variable thrust engine designs. A review of current available
engines established a requirement for adequate pressure control over
a 100% to 10% range in propellant flow rate with a maximum rate of
change of 10%/sec. This operating characteristic was established
for evaluating the various injection techniques used in the small-
scale N1I system and demonstrated in the full-scale system for the
final configuration.
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-Srugtures The design and construction o-f at'p p
tank will be influenced by both the characteristic pressure and
thermal effects resulting from this pressurization process.. Pres-
sure pulsations due to an on-off injection system or unstable com-
bustion encountered during continuous modulation will affect the
selection of propellant tank material and construction techniques.
Although the pressure cycling of the propellant tank is also a con-
sideration with other pulse-type pressurization systems, the trans-
mission of shock waves through the propellant may increase the
design pressures somewhat due to 5 psi pressure surges detected at
the lower dome with a submersed cross flow gas injection system
to require special baffles for eliminating these effects. However,
no special structural requirements were identified with the solid
stream surface direct injection process. The fatigue strength of
the tank material, as well as the quality of welds, will influence
the amount of damping required.

The desirability of certain propellant tank designs will be
determined to some extent by the particular characteristics of the
injection process. A survey of current design philosophy has estab-
lished a range of length-to-diameter ratios of 2.5 to 7 with a
maximum tank length of 140 ft. Tank length will influence the pres-
surization process since the time required for a reaction to occur
with a surface injection system will change with the propellant
height variation. A submersed injection process would also be af-
fected since the time required for the vapor bubble to reach the
propellant surface would vary. With either injection process, com-
bustion zone control and common ullage manifold requirements must
be considered.

Temperature considerations will be significant when selecting
the optimum tank design. Because of the manufacturing consider-
ations and the moderate system operating temperatures associated
with the Nf I process, more efficient use can be made of existing
aluminum tankage for low-pressure applications. For high-pressure
designs an .evaluation of..insulation .inam .vers.z-*-a ..... .
lightweight temperature resistant materials will be required. A
practical temperature limit, however, can bo qestj:aktI fo-e h
appl-iation for an given -ata iaL basdon a vol-m. The T
crease in tank weight associated with high temperature operation
will usually be greater than the amount of pressurization system
weight saving achieved by lowering the preasur4ant density. Due
to the reduction in strength of materials at high temperatures,
a limit of 300'F has been established for the maximum aluminum
tank wall temperature for efficient system design.
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the iheorporatTon of suitable bif fled-f1i
will be required for some configurations to assure thermal protec-
tion and vapor bubble control. In the common ullage design, a
suitable flow control valve will be required to prevent the hyper-
golic propellarts from mixing. The submersed injection techniques
will requir, careful attention to propellant flow control and bub-
ble dispersion to eliminate entrained vapor and liquid agitation.
Approximate requirements established during the research test pro-
gram and incorporated in the Phase II design criteria were success-
fully demonstrated in the full-scale system test program.

2. Configuration Analysis

Various MTI system configurations were studied to determine
the more practical design for the Phase III full-scale demonstra-
tion test program and possible future vehicle applications. Sys-
tems design considered both booster and sustainer propulsion systems
as well as space vehicles. A quantatative comparison was made based
on system cost, weight, reliability and development difficulty.
Performance evaluation of the most promising systems were made for
general applications discussed in Chap. II.A.6. A more detailed
summary is contained in Chap. V.C, The oxidizer and fuel tank pres-
surization process was analyzed for several injection techniques,
including various common ullage configurations. Based on the re-
sults of experimental small-scale system testing the solid stream
surface reagent injection process or the common ullage configura-
tions with suitable gas conditioning are the most promising for
future applications.

Figure 11-5 is a common ullage MTI Pressurization System with
pneumatically pressurized reagent storage for a pressure-fed engine.
This system has been tested without success when N204 was used as

the reagent because the reactive constituents in the pressurizing
gas could not be eliminated. The use of other reagents may eliml-

Enate_.thi-n_ }robl.&.m.... Note the ,fuel is used-to regnerat ivel . . . .
the pressurizing Sas.

Yigure 11-6 aza a comuon utg ~lP~or~is-S~45
however, the reagent supply is contained in the main propell-at tank
and supplied by turbopump bleed. This system shows the comiion ul.
lage pressurization technique that was auccesfullyodeonstuated;
however, subsurface injection is used for addit4oal preasuizing-
gas cooling in the fuel tank. Inherent vibration associated with
this process would require s development effort to suppress the

vibration.

t
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Reagent Vent Valve

Reagent Fill Valve
Reagent Flow Control Valve

Fuel Tank Pressure Sense Line
Injector

Liquid Separator

Fuel Tank

Common Ullage Line (Regeneratively
Cooled)

Check Valve

Vent and Relief Valve

Oxidizer Tank

Propellant- Shutoff and Fill Valvs

( Fig. 11-5 Common Ullage MTI Presuarization System with PneumaticAlly

Pressurized Remote Reagent Storage, Pressure-Fed Engine
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Vent and-
Relief Valve

00

204 00
0

Common Ullase Line

UDM/Z 2H A

Tank Pressure Control or Orifice

Propellant Shutoff and Fill Valves

-Injector..Supply Line le-f
from Turbopump

K Fig. 11-6 Common Ullage XTl Pressurisation System with Main Propellant Tank
Reagent Supply, Pump-led Engine

11-14



RTD-TDR-63*.4123

-Figure 11-7 is a hybrid M-1 ressu4-tio whn itkeir4, - ,-

pressurized remote reagent storage and evaporated propellant for a
pressure-fed engine. Another version of this system could use
stored gas for pressurization of the oxidizer tank. However., .for
most applications the weight penalty would be excessive ufiless the
ullage could be prepressurized without additional pressilrization
during flight.

Figure 11-8 shows a pump-fed injection system with an ullage
elimination technique to reduce vaporized N2 0 This system would

require development of a satisfactory flexible diaphragm compatible
with both propellants.

Figure 11-9 is a schematic of a dual injection MTI Pressuriza-
tion System for a turbopump-fed engine. This system takes advan-
tage of the available high-pressure reagent supply by crosafeed.
In the simplest form this system could employ burst discs for re-
agent isolation before start and a fixed orifice for flow control.

Pressurization Process Selection - Three basic MTI pressuriza-
tion processes and the design requirements of each were evaluated.
These processes are identified by the location of the reaction fuel
tank, oxidizer tank, or both tanks. The significant advantages of
initiating gas generation in the fuel tank rather than in the oxi-
dizer tank with a common ullage manifold are summarized:

1) Process gas flow direction is more desirable;

2) Regenerative cooling capability is available;

3) Propellant contamination is less critical;

4) Propellant tank volumes are equalized.

The process gas flow direction is important in a common ullage.
configuration to eliminate possiblehazardous reatios. -Stncethe
oxidizer vapor preeure is 15 pasia higher- than -the-_fkl. vApor pret
sure, there will be a tendency for N20 4 to flow in the Utrestita -

the fuel tank with the possibility of an undesirable reaction. If
the normal pressurization process is in the direction of the oxi-
dizer tank, this situation can be avoided with a check valve or iso-
lation valve. The possibility of using a single tank vent and relief
valve in the common ullage configuration for overpressure protection
also depends on the gas flow direction. An overpresaure condition
can only occur in the fuel tank, if secondary reactions are elimi-
nated in the oxidizer tank. Consequently safe venting can be accom-
plished by a single fuel tank vent valve. Double protection can be
provided if oxidizer and fuel tank vents are incorporated in a sys-

(_ tem designed with sufficient flow capacity through the common ullage
manifold.
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Remote Reagent Storage and Evaporated Propellant, Pressure-Fed
Engine
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No Ullage

N 204
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".Vent for
Vent and Relief lin

Pump Motor
and Control

Propellant Shutoff and Dlrain Valve

Fig. 11-8 Pump-led Wajction System with Ullage Elimination
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I Vent and Relief Valves

Tank Pressure Control Tank Pressure Control
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Fig. 11-9 Turbopump Dleed-Crossfeed ItJection System
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Two regenerative cooling techniques were considered for ullage
gas temperature control. The common ullage line passing through
the fuel would give a simple, desirable temperature control method
for a process initiated in either tank. The submersed injection
process in the fuel tank, however, would be more advantageous from
both a cooling and gas composition standpoint due to the condensa-

tion of certain reactive constituents. Since oxidizer vaporization
is undesirable from a molecular weight point of view, its regenera-
tive cooling capability would not be exploited. The increase in
oxidizer temperature would also require a comparable increase in
propellant tank pressure to achieve the same NPSH for a turbopump-
pressurized propellant feed system. By initiating the reaction
process in the fuel tank, the formation of hydrocarbons and water
may be less critical. A review of possible biproducts resulting
from the combustion processes indicates that many are fuel soluble
and nonreacting biproducts. Water in the fuel system will not form
corrosive fluids as it would in the oxidizer tank. Since a large
ullage volume may be necessary to accommodate initial pressure re-
sponse requirements, an increase in fuel tank volume would tend to
equalize both propellant tanks. This is advantageous in that manu-
facturing costs would be reduced.

Initiation of the reaction process in the oxidizer tank does
not appear attractive, primarily because of the anticipated diffi-
culty in controlling the secondary reaction of oxidizer vapor with
fuel vapors for a common ullage system. Some reaction of ammonia
with nitrogen tetroxide is anticipated in the oxidizer tank with
a fuel tank common ullage system, but to a lesser degree. If the
secondary reactions cannot be controlled, a cross feed injection
system could be developed. This system has been considered less
desirable due to the increased complexity inherent in a dual in-
jection system and resultant higher pressurizing gas molecular
weight.

19I Pxessurization System Evaluation .- the in.c-tion...yto.
evaluation ten techniques for process initiation and continuation
were consid-ered. A figure of merit was eatablished- for each sys-
tem for the three applications under- consideration (batner., sus-
tainer, and space vehicle) by the following impirical formulas:

Booster EB = 0.2 C + 0.25 W + 0.3 D + 0.25 R

Sustainer ES 
= 0.1 C + 0.35 W + 0.25 D + 0.3 R

Space Vehicle ESV ' 0.05 C + 0.4 W + 0.15 D + 0.4 R,
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(
where

C - relative manufacturing cost

W - relative weight

D - relative development difficulty

R = relative reliability

The results of this study indicated the systems shown in Fig.
11-5 and 11-6 to be the most promising based on the particular com-
mon ullage applications considered. The optimum system for any
particular upplication would depend primarily on available energy
for reagent supply. In its simplest form, for booster vehicle,
the MTI Pressurization System would consist of the reagent stored
in the propellant tank and metered by a fixed orifice under con-
stant turbopump discharge pressure. The gas pressurized propellant
feed system may require an external pressure supply for reagent in-
jection. Since the turbopump function in an MTI system can be simu-
lated by a high-pressure gas source, both systems would then be
identical except for the injection technique. The configuration
has been simulated in the Phase III demonstration system for in-
dividual tank reagent injection corresponding to the system shown
in Fig. 11-9.

MTI Pressurization System Design - A primary consideration in
the initiation of an MTI Pressurization System design is the lo-
cation of the injector in the propellant tank. Surface, submersed,
and floating injector configurations have been evaluated with dis-
tinct performance advantages inherent in each design. In high pres-
sure applications the submersed injector offers the most promise
since greater capability for regenerative cooling of the combustion
process is available. The surface injector system avoids the dis-
advantages of propellant vaporentrainment and vibration of the
-submersed injector, but the increasing distance.t- the.-prep.1.nt-
qutface and higher temperatures associated with this technique may
.be undesirable in some cases. The floating ±n.ect . avo-ds .....
of thev. problems but presents more difficut sirvicing Lpio -ems
and increases the complexity of the design. A comprehensive in-
vestigation of the problems of each system indicated any of the
three techniques could be developed. An injector adjacent to the
propellant tank wall (surface or submersed) would lend itself to
easiest development and was selected for evaluation in the research
test program.

!
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For efficient vehicle design precise propellant tank pressure
control may be achieved by a modulating reagent flow system. How-
ever, in applications where reliability is a primary requirement
an orifice system would generally be selected. If positive shutoff
and/or restart is required with good pressure control, and on-off
pulse- or modulating-type injector should be used. Only the pulse-
or modulating-type injector may be considered for variable thrust
applications. Regardless of the type of injector, it must be sized
for the maximum reagent flow capacity to maintain an adequate pro-
pellant tank pressure. Maximum orifice size and design of the in-
jector will be influenced by response requirements dictated by the
complete system. From the research testing performed, proper con-
trol of the reaction process was inf]uenced greatly by the ability
to obtain a good solid stream of injected reagent, particularly in
the surface injection system.

The detailed design of the injector requires reagent control
at the injector nozzle to eliminate the possibility of an internal
or delayed reaction. Specific characteristics desired would be a
function of the technique used in reagent supply and depend on the
quantity of reagent required. System response requirements will
influence the method of actuation in a pulse-type system with sole-
noid motivation probably yielding the best results. A review of
possible configurations indicated that an external gas pressurized
reagent supply would be most desirable with control by a pressure
switch that senses propellant tank internal pressure. Additional
reagent supply systems included motor driven pumps, spring or gas
loaded bellows, and tubropump bleed.

Safe operation of the common ullage configuration was found to
be particularly difficult due to the presence of combustible gases
in the oxidizer tank when N204 was used as the reagent in the fuel

tank. Although the cross flow gas was found to be hypergolic with
the oxidizer vapors, the injection below the oxidizer surface pro-
vided good pressure control. Primary difficultiesinett--nthis
configuration are vibrations caused by this subsurface reaction,
and preventive measures required to eliminate the p ibL1£ty of
the reaction progressing to the hydrogen/oxygen-maosphere In the
tank ullage. Satisfactory process control was achieved with the
small-scale system by using check valves with the hypergolic pro-
pellant combination. However, for larger systems a differential
pressure switch controlled isolation valve is recommended. De-
tailed design requirements are presented in Chap. III.B.2.
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3. Materias Study

A study of various materials pertinent to the MTI Pressurization
System was made to establish the feasibility of the conceived sys-
tems. The area of investigation concerned not only the applicable
propellants and possible reactants, but unique methods for pressur-
izing the reagents and withstanding the anticipated high temperature
environment due to the reaction process.

Tank Insulation Materials - Reaction temperatures and heat
transfer characteristics in the surface injection process at high
pressures may create a problem in certain tank configurations. One
solution to this problem is the use of an insulating liner within
the tank. For optimum performance the liner should be light, tem-
perature resistant, have a low heat transfer coefficient, and be
compatible and nonabsorbent to the fuel or oxidizer. The latter
requirement eliminates all brush, spray, or trowel-on insulations,
unless protected by a suitable coating. Aluminum foil coating is
suggested for this application.

Optimum design for such a system would be a sandwich of aluminum
foil insulation and structural aluminum. As an alternate, the in-
sulation could be brushed or bonded on with foil bonded over it.
Lack of a suitable bonding agent presents some difficulty, although
bond line attack by the fuel blend on fluorosilicone and butyl-
phenolic adhesives is such that several months of exposure could
be tolerated without excessive permeation or loss of adhesion.

The properties of three of the more promising insulation mate-
rials are shown in Table 11-1. Many other materials are available
in the same categories with roughly comparable properties. Note
that Foam-Sil, a closed cell foamed silica, represents the only
type of insulation that will not absorb fuel when uncoated. The
physical characteristics of this material, i.e., brittle, possibil-
ity of dusting or flaking, and the necessity of bonding it in place,
are major disadvantages.

Aluminum foil clad cork has been u4od.e tensively as an inrkLff-a.|ti o, an s cept l for -ue in . ..... ..-p -s r
f expected during longer exposure, although lab data are not yet avail-~able to verify this. However, successful application here depends

on no absorption of the fuel, and hence an the effectivity on the

bond line at joints in the foil.

F
I-

11-22



RTD-TDR-63-1123

~ Table II-1 Propellant Tank Internal .Insulation RaterLaU

Thermal Conduc-
tivity (Btu/hr/ Density

Materials sq ft/oF/ft) (lb/cu ft) Application

Chem-Seal 3810 0.09 62.8 Brush-on, bond aluminum
(Silica filled foil directly onto un-
silicone resin) cured surface.
Al foil clad

Al foil clad cork 0.047 30.7 Bond-on in segments,
bond aluminum foil
over cork.

Foam-Sil 0.04 13.6 Bond-on in segments,
(Closed cell no cover required.
silica foam)

The most promising of the three types of insulation is the
filled silicone. The representative material, Chem-Seal 3810, has
a lower density than comparable materials due to the use of the
silica microballoons as a filler. A further weight advantage-ac-
crues in that the material itself bonds to the aluminum, avoiding
the use of a separate adhesive. When covered with aluminum foil,
this material should exhibit very little fuel absorption through
the foil joint bond lines.

Temperature Resistant Light Metals - An alternate solution to
the problem of excessive tank temperature is the use of a tank mate-
rial capable of withstanding the expected temperatures. The choice
of construction materials is limited by compatibility as well as
weight and structural requircments.

Properties of the most promising structural materials are shown
in Table 11-2. Of these, the titanium alloys offer the best.
strenjth/weigbt ratio in -the applicable- temperatuie-rangej thus.......
negating the n.eed for insulation.

Titanium also exhibits Satisfactory mptibility chra ... ".
tics with the fuel and oxidizer. Past reports conterning the vig-
orous reaction of nitrogen tetroxide with titanium are based on the
reaction of titanium with tetroxide containing appteciable aitias
of water. At the water content level of propellan grade tetroxide,
less than 0.1%, the compatibility is very good.

Stainless steel alloys have a slight disadvantage in the
strength/weight ratio, although they are completely acceptable in
other respects.
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Table 11-2 Character iat ic. Q9 Strtr Matqg4.a - - -

- Used -iliTi~n Cdbit?0ft-ti

Modulus
Densty tenson) Compatibility Fabricabil ity

Material (lb/in. 3) (1o6 psi) UDMIH/N12H4  N 204  Form Weld

301 Stainless 0.286 29.0 G G F G

321 Stainless 0.290 29.0 G G F G

316 Stainless 0.290 29.0 G G F G

410 Stainless 0.280 29.0 G NR F G

420 Stainless 0.280 30.0 G G F G

17-7 PH Stainless 0.276 29.0 NR NR G F

15-7 Mo (RH 950) 0.277 30.0 HR G G F

Ti-6Al-4V 0.160 15.8 G G F F

Ti-5A1-2.5Sn 0.161 16.5 G G G G

Ti-13A-11V-3A1 0.175 14.8 G HR E E

Beryllium 0.063 37.0 G G P VP

Tantalum 0.600 29.0 G G E FG

Legend:

E Excellent P Poor

G Good VP Very Poor

F Fair HR Not Recommended

The other materials discussed, beryllium and tantalum, suffer
from a tremendous cost disadvantage. In addition, beryllium is
difficult to form and weld. These two materials are still in a
developmental stage.

Omtlurthax approach was investigated. A compoite tank wallI ~ t pd f athin intel liner with a pjqstiac outqz-vrp rein--
forced ith glass fiber offers high atrengft , low Q6i1&e' aaf7 bowa--
temperature resistance. The glass-reinforced plast-lc tecpoftent
exhibits a tensile modulus of around 150,000 psi at a density o-f

3
0,06 lb/in.. An aluminum liner might poshibly be used for this
application. Although aluminum is not sufficiently heat resistantIto withstand excessive operating temperatures, loss of the liner
through local mlting during operation would not result i1' leakage
since the plastic vessel itself resists propellants for a short
time. Stainless steel or titanium liners would, of courfe, avoid
this possibility, although at a slight weight penalty.
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Even with a steel or titanium liner a composite density of about

0.1 lb/in.3 can be expected. However, a low modulus in flexure

(7 x 106 psi) results in an inherent lack of stiffness, requiring
additional material to provide resistance to compressive loads.
Composite tanks, therefore, are less advantageous in the lower pres-
sure ranges. At 100 to 200 psig this approach should have consider-
able advantage.

Applicable Propellants - The literature survey revealed that the
concept of propellant tank pressurization by an in-tank reaction is
also applicable to other than the nitrogen tetroxide/UDMl-hydrazine
combination specifically tested under this contract. For example,
the combustion of RP-l in the lox tank with an igniter has been
considered as a method of pressurization the lox-RP-l system. The
disadvantage of nonhypergolic propellants is that they require an
ignition system. They can however, be reacted by adding small quan-
tities of pyrophorics, such as pentaborane, to the fuel or oxygen,
or adding difluoride to the oxidizer. Hypergolic systems, such as
the nitrogen tetroxide and hydrazine-based fuel, are ideally suited
to MTI pressurization because they are storable, smooth in ignition
and burning, and stable in the temperature range imposed by the re-
action. Table 11-3 lists some of the more common storable propel-
lants to which the MTI pressurization system is applicable.

Table 11-3 Possible Storable Propellant MTI Systems

Fuel Oxidizer Remarks

Hydrazine based fuels N204 Hypergolic
(including mixed amines) CLF 3  Hypergolc

(including mixed amines) H202 Hypergolic

(including mixed aminei) RFPA Hypergol-ic

(including mi"-aines). BrF5  -Hypergolic

(including mixed amines) BsH 9  Hypergolic

(including mixed amines) Cl 03 F Hypergolic (semi-storable)

Pentaborane H202 Hypergolic

Hydrocarbon Fuels N204  Ignitor or pyrophoric
additive required

Hydrocarbon Fuels H202 Ignitor or pyrophoric
additive required

Hydrocarbon Fuels ClF3  Hypergolic
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Additional Reagents - An alternative to the injection of one
propellant into the other for pressurization is the use of a re-

actant other than a hypergolic propellant. Advantages th.-mity ac-
crue from this approach are an increase in the quantit -o--:fk--'pro-
duced per pound of reactant, the possibility of selecting reaction
products (by choice of reactants) with more desirable properties,
the possibility of operating at lower temperature and an increase
in safety.

Examples of potential main tank reactant pressurization systems
are shown in Table 11-4. Three of the reactants shown are nonhyper-
golic, acetaldehyde, ammonium carbonate, and ammonium azide solution.
Reaction rates of these three, however, are sufficient to accomplish
the desired pressurization. Should a more rapid response, or high
temperature, be desirable in these cases, the addition of small
quantities of a hydrazine-based fuel to these reactants would re-
suit in a hypergolic reaction. In addition to the listed common
reactants the new high-energy propellants triethylamine, airborne,
and hybaline are also suitable for 4TI pressurization process.

Table 11-4 Main Tank Reaction Reagents

Gas Generation
lb ga@/ Reaction Average

Density lb red- cuft gas/ Temperature Molecular

Propellant Reagent (lb/ft
3
) Products sent lb reagent (IF) Weight

N204 Acetaldehyde 85.5 CO2/IO/H20 6.9 8.3 250 to 300 30

21. lo 2/Nyoin/ 42.3 W N NO/ 6.4 6.75 300 to 500 34

10~2O
8N20' Ammonium carbonate 99.b C 2 / N2 /H20/NO 1. 2.74 200 to 250 25

2 Anonontun otdc in 79.1 12/1120/112 0.32 1.14 250 to 300 21
water 20% oluotiot.

UDH/ N2 H4  Sodium Peroxide 97.0 H0OH/NH3/ /- 2  0.8 1.07 50 to 300 27

001 /N 2H4 Hydrogen 30% 72.0 H2fH2
0
/ N2 0.75 1.12 150 to 250 24

AUDM8/2"4' Pentaborane 39.8 85 (aolid) + 312 0.39 7.0 2100 . 2

MM1 /2H/114  Nitrogen tetroxide 89.34 i61 2 /CH'.3N,/ 2.x . 3.43 13060 to 2000 i

L
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'The inJectidri of acetilOebydb df-d-ffl~t[y~II%~ tfto-t tdtwer
tank offers the best in theoretical reaction performance. The
pentaborane fuel system, with hydrogen produced as a pressurizing
gas, has the unique advantage of extremely low residual weight at
mission termination. The presence of solid BN in the fuel is, at
present, an unknown quantity. Other advantages of this system make
it worthy of investigation.

Liquid Pressurants - Aside from stored gas pressurization sys-
tems, the usC of liquid pressurants can be considered for pressur-
ization technique has the advantage of high-dcnsity storage and
self pressurization. Since the pressure achieved is a function of
the liquid temperature, the selection of such an additive would
depend on the pressure required and expected operating temperatures.
Several candidate materials are shown in Table 11-5. This list by
no means exhausts the potential of the liquid pressurant additive
system.

Table 11-5 Liquid Pressurants

Vapor
Pressure Liquid Gas
at 700F Density Molecular

Material (psig) (lb/cu ft) Weight Compatibility

Cyanogen 73.5 55.3 52 Useful in both
oxidizer and fuel;
has fuel proper-
ties

Chlorine
Trifluoride 21 115 92.5 Oxidizer only

Dimethylene 72 51.4 48 Fuel only

2 Methyipropane 61 38.1 58 Fuel only

Methylamine 53 48.6 31 -Fuel only

mmonia 132 51.6 -17 1 Fue onkly

Sulfur Dioxide 56 90.4 64 Oxidizer only

Chlorine 103 200.3 70.9 Oxidizer-only
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A iginificirit 4dvifftlige -f tIbe 1idtti-ver ytivve ci~iin
stored gas systems is the solubility of the additive in the propel-
lent. The desired pressure level can be maintained throughout.the
expulsion cycle without over-pressure at the start. An excellant
example of this is the ammonia-in-hydrazine system. Similar systems,
such as chlorine trifluoride, are proposed for the oxidizer, al-
though the solubility and vapor pressure parameters have not yet
been thoroughly investigated.

4. Laboratory Experimentation

Several small-scale experiments were performed to obtain a
better understanding of the anticipated MTI reactions. This in-
formation was required to establish basic research fixture design
and identify possible operating difficulties. Two basic areas were
investigated; the hypergolic reaction process when liquids are mixed,
and the interaction of propellant vapors with combustion products.
Although most of the information acquired was of a qualatative na-
ture, some of the tests where performance was measured have been
included.

The availability of a gas generator test fixture at the Cold
Flow Laboratory permitted an early investigation of possible common
ullage manifold problems. A photograph of the test setup is shown
in Fig. II-10. Test data are plotted in Fig. Il-l1 and 11-12. The
fuel-rich combustion products from the gas generator were passed
through a cooler and gunk trap to simulate the anticipated conditions
of the gas entering a propellant tank. The gases were then injected
into a container filled with nitrogen tetroxide which was located
inside of the horizontal barrel in the foreground of Fig. 11-10.
Two 30-sec tests were performed with surface and submersed impinge-
ment. In both cases a considerable amount of reddish-brown smoke
was generated, indicating that a fair amount of reaction occurred,
A white precipatate was noticed in the first test. There was no
evidence of a high temperature reaction during either test.

Since a substantial portion of the pressurizing gas formed in
the fuel tak wa xpetta . v , tov-]ce* a n f
t im-al .experiments wer performed with -labortor _-ppa,,rah.:..... -

reaction of the propellant vapors was first studied by jotnig two
glass flasks with a tube to observe common ullage reactions .K-thout
isolation of the two hypergolic propellants. As the vapors .vate-
allowed to mix a reaction did occur and a substantial quatity of
a white gas formed. Although the reaction did not destroy the test
system, further definition of the magnitude was not warranted due
to the uncertainty involved in a practical application. Therefore,
the requirement for an isolation valve in the system was established.
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Additional experiments were performed to determtnd It Mh pT -.

.i pellant vapors could be conditioned to eliminate the reactive con-

stituents. This testing was performed by heating a flask filled

with the 50/50 blend of UDMH and hydrazine and discharging the
vapors through a filter into a beaker containing nitrogen tetroxide.
The various test filters consisted of the following materials:

1) CrO 3 + CaCO3 + C activated;

2) CuO + glass wool + zeolite 4-A;

3) CrO 3 + CaCO3 + zeolite 4-A;

4) CrO3 + CaCO3 + zeolite + KMNO4.

The calcium carbonate (CaCO3) was primarily used to absorb any

condensed fuel and also provide a gas flow path through the pow-
dered chromium trioxide (Cr03). The activated carbon and zeolite

filters were used to absorb the reactive vapors. Zeolite 4-A is
a molecular sieve commonly used for ammonia absorption while CuO
acts as a catalyst to decompose hydrocarbons to nonreactive elements.
Chromium trioxide was found to be readily reactive with the propel-
lant vapors, but a substantial quantity would be required to obtain
satisfactory neutralization of the pressurizing gas based on the
following anticipated reaction:
15 CrO + 15 N2H + 8 N2H(CH3--a- 15 CrO + 30 H20 + 16 CH + 23 N

Cr3  2 4 22 3)2 24 2

When potassium permanganate was added to the filter system the
reaction was sufficiently violent to produce a flame that would
be undisirable due to the possibility of detonating hydrogen in
the oxidizer-rich atmosphere. Filters (1) and a combination of
(2) and (3) were subsequently tested in the research fixture with
only moderate success as a result of this experimentation..-

Several open beaker laboratory experiments were also pene d
to study the reaction of the hypergolic liquids. Tho eqi...t
was primarily qualitative in nature. Some of the test data are
shown in Fig. 11-13 for the reaction of nitrogen tetroxide injected
into a beaker of fuel. Stable combustion was obtained_with fairly
low liquid bulk temperatures. A slight increase in fuel temperatureI occurred when the injection velocity or mass flow was increased.
The nature of the reaction process was determined to be a function
of the injection technique for the surface injection process. From
the investigation performed a need for adequate reagent filtration
and inert blanket pressurization became apparent. Additional liquid

11-32



RTD-TDR-63-1123

-4 U4

CC

11-33



RTDTDR-63-i123

H/

a reaction tests were performed in'a close systen tdee-ti -h tre.
action rates. A small-scale cu ft spherical tank was used for
this purpose with various quantities of oxidizer injected into a
fixed volume of fuel. The results shown in Fig. 11-14 and 11-15
provided basic thermal data and requirements for overpressure pro-
tection.

5. Theoretical Studies

An early investigation of previous methods of predicting pres-
surization system performance indicated a thorough description of
the MTI process could not be obtained with existing computer pro-
grams. Primary factors involved were the lack of a combustion zone
in the primary tank (the reaction process was assumed external to
the tank), and the gas entering the tank was at the combustion
temperature for any given pressure and reaction mixture ratio.
The entering gas characteristics were determined by a separate
thermochemical computer program based on a shifting equilibrium
calculation for complete combustion. Since a better defin-ition
of the reaction process and internal heat transfer were required,
in addition to common ullage capability, a new computer program
was desired. The initial attempt at a process description was
programed on the IBM 1620 computer, based on the results of early
investigations of the pressurization phenomena. To identify the
most significant factors involved in the process an investigation
of reaction kinetics, combustion products, physical properties,
and secondary reactions was made.

A survey of existing literature concerning the physical aspects
of the hypergolic reaction inherent in the MTI process indicated
only a very small amount of information was available. To identify
the process characteristics in the analytical model the knowledge
gained from the laboratory experimentation was used. One of the
basic difficulties in defining the reaction process is in deter-
ming or establishing the reaction mixture ratio. Early experiments
showed that the reaction d-epended on the mixing -technique, -thus
early theoretical studies were performed over a rangs of reaction

* mxture ratio$. Later- tast date& 1ij1if ied the #fe-ftm I's "62_
sixture ratio for several injectIon--techniquss.- The ca.. ....-ty
for altering the reaction, and hence the combustion predur.= compo-
nition, was a major consideration of the early reearch testing
to obtain a lightweight pressurizing gas compatible with the hyper-
golic propellants. In addition to identifying chemical co potition
and quantity of the resultant biproducts, the high temperature zone

was undefined. Approximations were, consequently, based on the
results of the laboratory experiments performed and later described
by derived empirical relationships.
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Theoretical Combustion Products The calculation of system
operating characteristics first required a definition of the pres-
surizing gas. In lieu of any actual gas analysis data the theoret-
ical composition and thermodynamic properties of the combustion
products resulting from the reaction of nitrogen tetroxide and a
50-50 blend of UDMH and hydrogen were computed by an existing rocket
engine performance program. Due to the unknown reaction mixture
ratio, data were accumulated over the entire anticipated range.
From this information the physical properties of the gas mixture
were determined for the expected range in operating temperature
based on no additional reactions occurring. These early data plus
literature references have shown that combustion product composition
cannot be predicted accurately for extreme reaction mixture ratios
or for cases of incomplete combustion. The results, however, are
included to show expected trends and provide a comparison with the
actual test data compiled.

The molecular weight of the combustion products is shown as
a function of mixture ratio and pressure in Fig. 11-16. At 35 psia
a reaction mixture ratio of approximately 0.7 is required for a
gas molecular weight of 15, with a minimum of 11.4 occurring at a
mixture ratio of 0.1. The expected reaction temperatures are plot-
ted in Fig. 11-17. Due to the increase in temperature associated
with oxidizer-rich reactions, the resultant gas density becomes a
minimum at a mixture ratio of approximately 1.2 even though a higher
molecular weight gas is generated. This trend is shown in Fig.
11-18. The specific heat and specific heat ratio are shown in F1
11-19 and 11-20, respectively. Based on a reaction mixture of 0.1
the physical properties of the gas were computed for a temperature
range of 100 to 2,000*F and are shown in Fig. 11-21. A comparison
can be made with the physical properties of a liquid propellant gas
generator included in Fig. 11-22. The molecular weight of the com-
bustion products of a gas generator operating at an apparant mixture
ratio of 0.1 has been determined by test to be approximately 16.0.
From the theoretical data a molecular weight of approximatelyIA
was expected. The possiblity of incomplete combustion or an actual
higher reaction mixture ratio may explain this slight discrepancy.
The physical property data were based on the theoretical gas com-
position data shown in the following tabulation.
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Mole Fraction

Constituent Mixture Ratio - 0.1 Mixture Ratio - 2.0

N2  0.2595 0.3286

H2 0.5577 0.0753

H20 0.01 0.3608

CH4  0.0508

CO 0.0339

CO2  0.0472

OR 0.0419

The values in the tabulation are based on complete combustion.
Actual gas analyses conducted during gas generator testing have
indicated the actual process is represented more closely by the
following equation:

N204 + 3CH 6N2 - 2NH 3 + 4H2 + 3N2 + CH4 + 2C02.

The presence of ammonia in the above reaction is a significant
factor, since an additional reaction with nitrogen tetroxide is
possible.

4NH3 + 2N204 --p6H 20 + 3N 2 + 2NO.

This reaction was studied and the results are shown in Fig. 11-23.
The result of this secondary reaction would be a small increase
in the gas temperature in the oxidizer tank and reduction.inthe
amount of combustion products required. Some additional ammonia
will also be formed-by the local decomposition-of hydxinal-as
follows!

3N2H4-w4 + NV

Although the decomposition of hydrauine and dimazine (UDHl) a
established, little information is available on the 50/50 mix.
The presence of UDMI, however, tends to stablize the hydrazine with
a resultant decrease in decomposition and increase in autoignition
temperature. The limiting temperature of the ullage gas is approx-
imately 1400*F with less than a 1. decomposition of hydrazine ex-

pected. A liquid temperature of 1400*F is also the autoignition
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temperature of the fuel. The additional propellant and vapor proper-

ties required for the thermodynamic analysis of the MTI system were

obtained from documents listed in the bibliography.

Predicted Performance - MTI pressurization system performance
was predicted by a special program formulated for the IBM 1620
computer. Because of the limited storage space available with this
machine, only a single tank mathematical model could be developed.
This program provided for gas generation by a combustion process
occurring in the tank liquid when a hypergolic reagent is injected
on pressure demand. A detailed description of the analytical tech-

nique is contained in Appendix C. Because of the initial lack of

information on the primary reaction the predicted performance was
not representative of the actual process since a significantly
greater amount of reagent was used. The increase in reagent con-
sumption resulted from a decrease in gaseous combustion products
due to the quantity of condensibles formed. More precise theoreti-
cal performance was obtained with a larger IBM 7094 MTI mathematical
model and is discussed in Chap. III.A.3. The data generated with
the abbreviated version is presented to show the original basis for
system design and expected influence of heat capacity and volume
of various systems.

A parametric study of theoretical MTI pressurization system
performance was made for the range of process conditions anticipa-
ted. Since the small computer program could not analyze the common
ullage system configuration, primary tank conditions were estab-
lished by incorporating a conservative 60% gas bleed estimate to
simulate the additional gas required for the pressurization of
the second tank. A prediction of reagent used, tank wall tempera-
ture, and ullage gas temperatures for a single tank Phase I research
fixture test are shown in Fig. 11-24. These results indicate rel-
atively moderate temperatures were expected over the planned range
in test pressures. This tank has the 30. ullage volume initially
pressurized with nitrogen and no gas blee.d. ... Figure._.-25._ommae
theoretical and actual date obtained with the 5. initial ullage
pressurized with helium. Figure 11-26 shows the expected tempera-
ture increase due to a 60% gas bleed with a comparison of a fuel
tank reaction and oxidizer tank reaction for 36 psia at the assumed
reaction mixture ratios. The total weight of pressurizing gas
obtained shows that approximately a 50% weight saving.can be ob-
tained by a fuel tank MTI pressurization system if the amount of
condensibles formed is neglected. A prediction of the expected
temperature and pressure during a 150-sec propellant expulsion is
shown in Fig. 11-27 for a reaction mixture ratio of 0.1 at 36 psia.
The actual gas temperature and reagent consumption were signifi-
cantly higher due to the amount of condensed combustion products
formed and higher reaction mixture ratio experienced.

1
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The Phase I 279 cu ft tankage was also thermodynamically
analyzed. The results are shown in Fig. 11-28 and 11-29, as deter-
mined by the abbreviated mathematical model. The 30% ullage volume
in the fuel tank was initially pressurized with helium. Calcula-
tions were also performed with nitrogen initial pressurization.
However, the ullage gas temperature did not reduce significantly
as a result of the higher heat capacity of the gas. The lower heat
capacity of the full-scale system is seen by comparing the tank
wall temperatures in Fig. 11-26 and 11-28. The high fuel tank wall
temperatures predicted with a 60% gas bleed gave rise to a study
of possible temperature control techniques. Further analysis of
actual operating characteristics of the system operating at low
pressures indicated adequate capability of the thin wall full-
scale aluminum tankage. Figure 11-29 shows the moderate tempera-
tures and reagent consumption originally predicted during a 150-sec
run at 36 psia with a reaction mixture ratio of 0.1 for a single
tank and no gas bleed. No comparison with actual data obtained
was attempted since a more detailed examination was accomplished
later with the IBM 7094 computer program.

Since the early studies performed with the single tank computer
program gave on indication of secondary tank requirements, the
effect on the primary tank with an increase in gas flow could only
be estimated. As further definition of the primary reaction was
established and confidence gained in the theoretical technique,
the effort was directed-at expanding the program to analyze the
common ullage two-tank system. Since each tank could not be
thoroughly analyzed because of the limited capacity of the IBM 1620
computer an abbreviated version was attempted. Effort on a larger
capacity IBM 7094 program was not considered feasible at this time
because of unknown secondary reaction characteristics. In the ab-
breviated two-tank program, the primary tank process description
is reduced to accommodate a more thorough examination of the thermo-
dynamic characteristics of the secondary tank. To reduce the size

&of the program-and minimize the number of single tank computer-runs
required, the computation of secondary tank conditions was based
on anticipated conditions in the primary tank. After u.veral te-
visions to the program, the data generated--by this u1implif ied.--ech-
nique were still unsatisfactory and further effort was cancelled.
From the experience gained from the formulation of the first two
small computer programs a larger version was prepared on the TA4
7094 computer. Using the additional capacity available with this
machine, most of the basic equations from the early programs were
used with additional detail added.
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6. Applications Study

The identification of the most promising NIl pressurization
system applications has been achieved by a combination of two
theoretical studies. The purpose of the first study was to es-
tablish optimum propellant system operating pressures for turbo-
pump or gas-pressurized systems, based on total propulsion system
weight. The second study is a weight analysis of stored gas,
gas ge eratour, and MTI pressurization systems to determine the
most efficient use of each system as a function of pressurizing
capacity. Both studies investigate a range in total impulse and
thrust for various propellant tank pressures.

Propulsion System Optimization - A propulsion system weight
analysis was made to determine optimum propellant tank pressures
for various size missiles over a range of engine thrust. This
study was required to establish the probable operating pressures
of future MTI pressurization systems. A small computer program,
described in App A, was developed for this purpose.

This program calculates the propulsion system weight for a
storable bipropellant system with spherical aluminum tankage and
a regeneratively-cooled gimbaled engine. A stored-gas helium
pressurization system was selected for this study because actual
hardware weight information was readily available. Since the
pressurization system weight is generally less than 10% of the
vehicle dry weight, the effects of propellant tank weight vs
engine weight are the most important factors in establishing
optimum tank pressures. (The selection of the lowest weight
pressurization system was determined by a separate study.)

This study showed that for the large tank booster applica-
tions, a low propellant tank pressure (35 psia) is required to
reduc e tank weisht. The englne J.aise- tha-reduad by usl.-
a turbopump to increase combustion chamber pressure. For smaller
systee, as requtwed by space mi1. o g, aueW~is of both two-

pip as" gS" prpeesan~e rleed d nsteaL iu~it
determine thw lowest propulsion system weight. The region of
most efficient use of each system has been identified as a func-
tion of thrust and mission duration. The long-duration le-thrust
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mission* are most efficiently accomplished by gas-pressurized
propellant feed systems in the 100 to 200 psia range, while
higher thrust applications require use of a turbopump. This
study was accomplished by comparing weights of a turbopump-
pressurized engine (Pc - 500 psia) and an optimum gas pressur-

ized propulsion system.

The optimum gas-pressurized propellant feed system was de-
termined from plots of engine chamber pressures vs total pro-
pellant system weight for a thrust range of 1,000 to 50,000 lbfj

t nd total impulse of 2 x 105 to 5 x 106 lbf-sec. The optimum

engine chamber pressure was determined for each application and
the results are summarized in Fig. 11-30. The figure shows that
the optimum engine chamber pressure decreases with an increase in
vehicle size and thrust. The weight of each system correspond-
ing to the optimum chamber pressure was compared to the turbopump
system. The data show that the turbopump system becomes more
competitive as the tankage becomes larger. The break-even size

occurred at a total impulse of 1 x 106 lbf sec where the pressure-

feed system is better at low thrusts due to the small engine size
(less than 3000 lbf). However, a intermediate thrust levels the

turbopump system is lighter since the engine requires a high
chamber pressure for minimum weight. The gas-pressurized system
again appears more attractive for the high-thrust applications,
since the size of the turbopump becomes excessively large due to
the high mass flowrates. The latter application is, however,
unrealistic since it represents a region of operation not com-
monly encountered (less than 35 set).

As the vehicle increases in size beyond a total impulse of

2 x 106 lb -sec, the turbopump system becomes even more effici-

ent. Figure 11-31 shows the regions of most efficient application
of pu.prde.s.ria proVA s-o a 40.- -. -a pr .-

Lfsuriamtion system is limited to a fairly uarraw "sI~ elo we f-
pressure operation is predominant. Since a greater rw in
missions can be efficiently accomplished by using a pump-
pressurized propellant feed system, the importance of deeloping
high-perforumnce low-pressure pressurization systems is evident;

11-56



RTD-TDR..63-1123

r44

I4

11-54



RTD-TDR-63-1123-

a 4

4J4

6i2

0

N -

11-58



RTD-TDR-63-1123

Pressurization System Optimization - The spectrum of liquid

rocket vehicle missions was explored to determine the appropriate
region(s) where an MTI propellant tank pressurization system
becomes desirable. Pressurization systems considered representa-
tive of current practice include:

1) Stored gas system (heated and unheated);

2) Gas generator system (precooled fuel rich gas prod-
ucts);

3) MTI (primary reaction in the fuel tank).

The three systems were evaluated on a weight basis with
other factors, such as reliability, compatibility, complexity,
and cost. The various applications considered are:

1) Case I -- boost vehicles;

2) Cases 1I and III -- sustainer or upper stage vehicles;

3) Cases IV and V -- limited space vehicles (1 to 30
days in space);

4) Cases VI and VII -- deep space vehicles (30 and 730

days in space).

The following tabulation shows the range of important param-
eters investigated.

Ca.,

I II III IV V VI VII

Total Impulse (1b/sec X 10
7 ) 5 to 10 2 to 5 2 to 5 2 to 5 2 to 5 0. 1 to 2 01 to 2

Trust (Ibf K 10"') 1 to 10 0. 1 to 1 0.1 to 1 0.1 to 1 0.1 to 1 0.005 to 0.5 0.005 to 0.5

Ing1e fFeed System Pump Pump Pressure Pump Pressue preessure Pre..ure

Tank Pressure (poLS) 20 to 50 20 to 50 L0 to 300 20 to 50 100 to 300 100 to 300 100 to 300

Engine Nozzle Area Ratio 8 12 12 12 12 40 40

Engine Combustion Pressure (pales) 750 750 Pt-50 750 Pt-50 Pt*50 Pt*5O

lngine Discharge Pressure (pia) 4 1.5 1.0 1 1 Vacuum Vacuum

Engine Mixture atio 1.9 2 2 2 2 2 2

Space Storage (days) 0 0 0 1 to 30 1 to 30 30 730

11-59



RTD,-TDR-63-1123

A generalized digital computer program was specifically con-
structed to compute pertinent weight data. Separate programs
were formulated for the stored gas and the MTI and gas generator
pressurization systems, These programs have been simplified to
facilitate a direct comparison of the various pressurization sys-
tems under investigation. Some of the basic assumptions are in-
cluded in the general program description contained in App B.
The heat transfer that affects tank wall temperatures is assumed
comparable for each system with ullage gas temperatures coincident
with propellant bulk temperature for space applications.

The weights of various stored gas pressurization systems were
determined for heated and unheated helium or nitrogen gases.
This study indicates that the storage container volume required

for unheated large systems ( It greater than 10 x 105 lbf-sec)

imposes a severe weight penalty for both pressurants. This is
due primarily to the inefficient ambient storage assumed and gas
cooling resulting from large expansion ratios, The heated sys-
tems reduce this weight penalty significantly for large vehicles,
but can only be used efficiently for space-type applications.
The amount of heat added for this application is Just sufficient
for cancellation of the temperature reduction due to gas expan-
sion from the storage container.

An important consideration for gas storage pressurization
systems is system leakage because of the high initial storage
pressures. However, for the relatively leaktight systems in-
vestigated, the net leakage occurring during the space storage
times up to 24 months has an insignificant effect on the total
weight penalty. This results from the superior leakproof de-
signs accepted for this study. To consider the effects of valve
leakage degradation, from the operating life cycle, space en-
vironment influences, or contamination, accelerated system leak-
ages of 10 and 20 times normal were examined. These, too, had

a negligible effect for the large size vehicle (20 x 106 lbf-sec).

However, for the smaller size vehicle (1 x 106 lbf-sec), an

approximate B-lb weight penalty per tenfold leakage increase
was observed for the 24-month space storage time, with a negli-
gible effect for the one-month period.

11-60



RTD-TDR-63-1123

The weights of the MTI and gas generator pressurization systems
were also investigated for the same applications. Figures 11-32
and 11-33 compare the weights of MTI with gas generator systems,
for pump-feed systems of relatively large total impulse capacity
(Cases I and II). These figures show that the MTI system has
some weight advantages (20 to 150 lb, or 16 to 22%) over the gas
generator system. It is highly probable, however, that factors
other than weight considerations will govern system selection
since the weight influences on vehicle performance arn less se-
vere for the lower stages. The results for upper stage vehicles
(Fig. 11-34, Case III) show a greater weight advantage for the MTI
system, 100 to goo Ib, or 30 to 45%. This is because for the
pressure-feed systems, a greater influence of the somewhat lighter
MTI gas products is exhibited due to the larger amount of gas
required. For space storage applications, the weight differences
between both systems again become less significant because gas
temperatures cool to 530OR in both systems. Consequently the
major weight variations result from minor differences in hard-

ware and accessories, and from the oxidizer tank pressurant gas
consumption. The MTI system has weight advantages of 5 to 20%
for this application (Fig. 11-35 thru 11-37).

The weight advantages of MTI over the gas generator system
is primarily a function of the specific application; only for
pressure-feed upper stage vehicles do these specific advantages
become significant (over 25%). Large total impulse, pressure-
feed space vehicles also benefit from the use of MTI pressuriza-
tion. Although less than 25%, savings exceed 500 lb at the
maximum tank pressurization.

The stored gas pressurization system has also been compared
with the MTI system over the three basic operating regions to
determine quantitatively the region of applicability of MTI
pressurization. The first region investigated was booster and
sustainer vehicles, both pump and pressure feed engines. Thit
region is characteristic of a nonenvironment cooled operating
system, and consequently the maximum advantages of the hot gas
products of the MTI (and for that matter the gas generator sys-
tem) is achieved. As expected the MTI system reflected signifi-
cant weight advantages. This is illustrated in Fig. 11-38 where
weight penalty savings from 70 to 1100 lb or 40% to 60. are in-
volved. These savings are based on a fuel tank molecular weight
of 15, and a varying fuel tank gas temperature of 850 to 10000R.
Obviously this advantage will be reduced if the resultant molec-
ular weight increases or gas temperature decreases. To evaluate
the influence of molecular weight, successive molecular weight
increases to 22 were examined, and the change in total weight
penalty was small.
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The second region examined was limited space vehicles, char-
acterized by an environment-cooled system. For this condition,
the heat advantage of the MTI system cannot be used due to the
eventual cooling of the gas. Similarly, the fuel tank molecular
weight is expected to increase because of condensation of the
lightweight gas products. As a consequence, there is no weight
savings from MTI pressurization. This is illustrated in Fig. 11-39
which shows that the "heated" stored helium system is in fact
lighter by up to 12%. The addition of heat in the stored gas
system merely compensates for the temperature reduction due to
gas expansion. The break-even point, where both systems have
equivalent weight penalties, occurs at a molecular weight of
approximately 14 to 15 for cool fuel tank gas products. Unheated
stored helium systems and both types of stored nitrogen systems
compare less favorably with NTI, being approximately 60% to 270
heavier. Consequently, these are not to be considered for limited
space vehicles.

The last region investigated covered space vehicles. This
region differed from the previous case in that vehicle size is
reduced and only pressure-feed, maximum-expansion ratio rockets
are considered. Figure 11-40 indicates that for small size vehicles

(1 x 106 lbf-sec), unheated stored helium systems become weight

competitive with MTI pressurization systems. As vehicle size in-
creases, heated stored helium systems should be used to avoid
substantial weight penalties. This is illustrated for the 20 x

106 bf-sec total impulse curve in Figure 11-40. Obviously the

storage tank weight penalties of stored gas systems have less
influence as vehicle total impulse decreases, and thus gas pres-
surant demand is less.
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B. RESEARCH TESTING

The Phase I research test program enabled the investigation of
the reaction process and development of a chemical pressurization
system on a small-scale basis. Information gained from this pro-
gram established the optimum injection technique and methods for
generating desirable pressurizing gases in either the fuel or oxi-
dizer tank with both the dual injection and common ullage config-
uration. A reagent injection device with adequate response and
performance was successfully developed and provided important
data concerning the combustion process and system thermodynamics
to allow development of an MTI mathematical model. Since approxi-
mately 100 fully instrumented tests were performed, and approxi-
mately 75 of these tests underwent ullage gas analysis, substantial
information was acquired to verify the MT1 concept and aid in full-
scale system design.

The basis research program was divided into four parts;

i) Fuel tank injection system development;

2) Fuel tank injection method evaluation;

3) Common ullage system development;

4) Parametric testing.

The injection system development program involved tests with
a single tank to aid in modifying a commercial-type chemical spray-
ing device used as the injector and verify the pressure control
and reagent supply systems. In this series, nitrogen tetroxide
was injected through a solid-stream orifice into the surface of the
fuel at sufficient velocity to penetrate the surface and provide
significant regenerative cooling of the resultant combustion gases.
A pulse mode pressure-demand-type system was used, maintaining
tank pressure within the pressure switch deadband. The injection
method evaluation test series used the same basic pressurization
system for the fuel tank with a common ullage manifold connecting

the water-filled oxidizer tank. Two spray patterns (solid-stream
and 15* fan spray) were investigated both above and below the
liquid surface. For the common ullage system development program,
the secondary tank was filled with oxidizer while surface and sub-
surface gas impingement techniques were evaluated with various gas-
conditioning methods. The parametric tests were performed by
separately pressurizing each tank with solid-stream surface reagent
injection at pressures of 36, 100, and 200 psia. Satisfactory sys-
tem operation was achieved with MTI initial pressurization, vari-
able outflow, restart, and induced random vibration.

11-72



RTD-TDR-63-1123

1. Test Fixture Design

One primary consideration in designing the small-scale system
was to provide maximum test safety and sufficient ability for proc-
ess investigation with a variety of configurations. The availabil-
ity of surplus 5.33-cu-ft aluminum (6061-0) spheres with 5/8-in.
wall thicknesses permitted tests on an appropriate scale with maxi-
mum safety and a minimum amount of modification and cost. The
spheres were cut in half and modified to provide a noncavitating
non-dropout propellant outlet, propellant antivortex baffles, pres-
surization ports, pressure relief ports, instrumentation ports, and
camera ports. Figure 11-41 shows a top view of the upper dome, and
Fig. 11-42 shows the inside of the upper dome with the demister ele-
ment used for common ullage gas filtration displayed outside the
canister. Figure 11-43 shows the inside of the lower dome and the
baffle installation for propellant flow direction and combustion
zone control, A satisfactory seal at the separation flange was
obtained by filing the seal groove with RTV silicone rubber (MMS-M-
138), which is compatible with storable propellants for only a
limited time.

The total tank weight is approximately 212 lb, with an addi-
tional maximum propellant load of 286 lb of fuel or 455 lb of oxi-
dizer when filled to the 5% ullage level sensor. The propellant
load for each test was a function of the desired ullage since tests
at 5 or 30% ullage in each tank were provided to permit operation
at an outflow mixture ratio of approximately 2 to 1 and allow ini-
tial tests under less severe response requirements. A maximum 150-
sec test duration was selected, based on current booster engine
burning duration, Consequently, the nominal propellant flowrates
of 2.5 lb/sec oxidizer and 1.25 lb/sec fuel were established, based
on a residual 0.42 cu ft of fuel at injector shutoff. Low-level
sensors were used to provide sufficient propellant for baffle re-
generative cooling, and the remaining outflow was accomplished by
ullage gas expansion.

The assembled tank is shown in Fig. 11-44. A closeup permits
observation of the injector installation contained in Fig. 11-45.
The hemispheres were joined with tension bolts designed for a 700-
psig burst pressure with the upper dome restrained and counter-
balanced to prevent facility or system damage in the event of
catastrophic failure. Lower range overpressure protection was also
provided with a 250-psig relief valve and two (300-psig rupture at
100*F) burst discs made of 6061 T-6 aluminum. The 1-in.-diametcr
propellant sight glass, incorporated for detecting entrained
vapors, and the 3-in.-diameter x 3/4-in.-thick Tuf-flex camera
ports, used for photographic and television observation of the
reaction process, provided additional overpressure protection at
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higher pressure levels. Vent stacks were provided to control
any discharged fluids. The initial and final propellant levels
were indicated by Powerton ultrasonic liquid detectors with pro-
pellant flow control accomplished by Annin Domotor and a Swartout
remote control unit. The discharged fluid was stored in a catch
tank shown in the lower left corner of Fig. 11-44.

The injection system design was based on pulse mode operation
with anticipated use in the full-scale system. The basic injector
is a modified Spraying Systems Co. (Model 24 AUA-8980) chemical
spray gun. This component uses a solid-stream injector orifice tip
for flow control and is pneuiaLiually actuated and pressr -. w~teh
controlled. Sufficient versatility is inherent in the basic design
to allow spray pattern or injector location variations. The 100-
psig nitrogen actuation was controlled by a 1/4-in. three-way sole-
noid valve. Reagent was supplied under pressure from a sight glass
with dump capability in the event of abnormal conditions. An in-
jector differential pressure of 75 psi was used in all of the tests.
Sufficient capacity was provided to permit common ullage testing
at pressures to 200 ,sia. The injector orifice diameter was orig-
inally based on an assumed reaction mixture ratio of 0.1 and a
300°F operating temperature in the fuel tank. For these conditions,
the two-tank system only attained marginal flow capacity due to the
amount of condensibles formed and the higher reaction mixture ratio.
System response was determined by a method similar to that explained
in Chapter V Section B, based on nominal component operation char-
acteristics. Subsequent tests with a 0.014-in.-diameter orifice
verified system capability for ±1.0 psi pressure control and minimum
ullage.

Although the injection system is comprised of several elements
that limit the overall system response, excellent pressure control

was achieved in all tests. Figure 11-46 is a schematic of the in-
jection system electrical circuit. This design uses a normally
closed single-contact 36 + 0.25-psia Belleville-type pressure switch
to control tank pressure and a manual override to prevent injection
before the test starts. The electrical signal activates a relay

that controls operation of a solenoid valve that supplies 100 psi&
pneumatic pressure for opening the normally closed injector. In-
jector response primarily depends on the pneumatic flow capacity of
the activation system for opening and depressurization for closing.
An additional time lag was detected due to the reagent stream above
the liquid surface when the injector was signaled closed, so a slight
tank overpressure was experienced. Since this phenomenon is a func-
tion of injection mass velocity and distance from the injector to
the liquid surface, suitable allowances must be made.
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Fig. 11-42 Research Fixture Inside Upper Dome

Fig. 11-43 Research Fixture Inside Lower Dome
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Fig. 11-44 Research Fixture Assembled

Fig* 11-45 Phase I Primary Tank with
Injector Installed
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2. System Description

The Phase I test system consisted of the control console, the
research fixture, and the necessary instruments for data acquisi-
tion. The research test system consisted of two side-by-side
spherical propellant tanks to permit common ullage pressurization
experiments with simultaneous propellant outflow. Identical pro-
pellant expulsion systems were used for both the primary and sec-
ondary tanks, except an injector was installed in the primary tank.
Figure 11-47 shows a seiimatic of the complete system and Fig.
11-48 shows a photo of the arrangement. Propellants were supplied
to the main propellant tanks from the facility 55-gal storage drums
under 10 psig nitrogen pressurization. Propellant expelled from
the main test tanks was then stored in the catch tanks to permit
rapid recycling for additional tests. The expelled propellants
were observed through the sight glass at the tank outlets, and pro-
pellant flow was manually remotely controlled. Propellant loading
and shutdown was controlled by liquid-level sensors to permit iden-
tical expelled volumes for test duplication.

Initial propellant tank pressurization can be provided by either
helium or nitrogen through the dome loader pressure regulators.
Nitrogen can also be used for relief valve and injector actuation
in addition to pressurization of the reagent supply system. The
reagent was supplied from a pressurized reservoir to the injector
sight glass and then isolated from the facility system. A high-
point bleed allowed entrained vapor to be vented for accurate
measurement of reagent consumption. Each tank was separately pres-
surized with an isolation valve and a 1/4-psi differential pressure
check valve installed in the common ullage line. All functions
were observed by using appropriate instruments on the control con-
sole.

The MTI Phase I test console shown in Fig. 11-49 provided re-
mote control for all teat phases including propellant and reagent
loading, pretest pressurization, and automatic test sequencing.
Important control and operating pressures were monitored by gages,
while lights indicated all valve positions. In simultaneous common
ullage propellant expulsion, an adjustable timer was used to give
up to 1.3-see oxidizer lead for simulating a typical engine start
transient. The console provided malfunction detection with auto-
matic shutdown in case of overpressurization, and normal shutdown
in the event of visual or mechanical irregularities. The entire
system was designed for fail-safe conditions during any part of the
test operations.
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Fig. 11-49 Research Fixture~ Control Console
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The instrumentation monitoring system for the MTI Phase I pro-
gram is shown in Fig. 11-50. This system can process 42 data
channels simultaneously with a 36-channel CEC oscillograph and a
six-channel direct-writing Sanborn recorder. The Sanborn recorder
was used exclusively for recording the critical test parameter re-
quired for quick-look data analysis. High-response parameters or
those required for less urgent engineering analysis were handled
by the CEC. Twenty-eight signal conditioning equipment channels,
iTlu,1tr.g 12 channels for bridge-type circuits, 12 for thermocouples,
and four for flow-type measurements, were provided. All systems

included calibration units to ensure 1% data accuracy.

Pressures were measured by CEC unbonded strain-gage bridge-
type transducers and were temperature compensated. Principal
measurements were propellant tank ullage and reagent supply pres-
sures. Both shielded and unshielded chromel alumel type K thermo-
couples were used for measuring all liquid temperatures and the
ullage gas temperature profile inside the tank. Tank wall temper-
atures were measured by copper-constantan type T thermocouples.
Propellant flow measurements were obtained from Cox turbine-type
flowmeters. Reagent mass flow was determined by a displacement
technique due to the small quantities involved. A calibrated 1-in.
diameter sight glass 18-in. long was found to have adequate capacity
for all low-pressure tests; however, a parallel system was required
for the higher operating pressures. Instrument locations are shown
in Fig. 11-51 for the common ullage tank arrangement and the meas-
urement symbols are described in Table 11-6.

A temperature rake was installed in the propellant tank to de-
termine temperature distribution in the ullage and the extent of
stratification in the fuel. Figure 11-52 details the locations of
the internal thermocouples as well as the tank wall measurements
and gas sampling system system used for the single-tank system.

Liquid temperature wan also monitored at the tank outlet to
establish the condition of the discharged propellant. Tank wall
thermocouples were mounted on the external surface in three loca-
tions. Temperature profiles obtained by the internal instrumenta-
tion were augumented by photographic and television observation of
the combustion process. In addition to the pressure, temperature,
and flow histories recorded, four gas samples were also taken peri-
odically during the run to provide additional performance data.
The gas sampling system shown schematically in Fig. 11-52 is de-
tailed in Section C of this chapter. A chemical analysis of the
propellant was also made on specimens acquired before and after
each test to determine the extent of degradation and contamination.
The sampling procedure is also described in Section C of this
chapter.
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Fig. 11-50 Research Fixture Instrumentation System
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Table 11-6 Instrumentation Nomenclature

Symbol Nomenclature

PgFT Gas pressure in fuel tank ullage

PgOT Gas pressure in oxidizer tank ullage

Pri Reagent injector supply pressure

Mdf Fuel mass flowrate

Mdo Oxidizer mass flowrate

T r Reagent injector supply temperature

TiFT1 Fuel tank rake temperature

TiFT2 Fuel tank rake temperature

TiFT3 Fuel tank rake temperature

TiFT4 Fuel tank rake temperature

TiFT5 Fuel tank rake temperature

TIFT6 Fuel tank rake temperature

TiFT7 Fuel tank rake temperature

TWFTI Fuel tank wall temperature

TwFT2 Fuel tank wall temperature

TwFT Fuel tank wal temperature

TTfo Fuel outflow temperature

T ue Gas temperature in oxidizer tank ullage

T CUf Gas temperature in common ullage line, fuel tank outlet

T CUo Gas temperature in common ullage line, oxidizer tank
inlet
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3. Test Description

The Phase I MTI research test program was conducted at the
Martin-Denver Hazardous Materials Laboratory in an explosion-proof
cell. Since the cell is open to atmosphere on the east side, the
test system was fairly well isolated from afternoon solar heating
effects or adverse wind conditions. Consequently, environmental
factors did not appreciably effect the test results except for a
few early development tests performed in 32*F weather. Primary
system control as well as the recording equipment were in the block-
house under controlled environmental conditions with a few opera-
tions performed outside to the complex. Although several series
of tests were performed with single- and dual-propellant expulsion
systems, the 150-sec test duration and operating procedures were
maintained for all tests.

Before starting an MTI pressurization test, all instruments
were calibrated in addition to a complete control system functional
test. After the propellant specimens were procured and the gas
sampling system readied, the reagent was loaded and a pressure
decay check made to verify no injector leakage. Entrained vapor
was bled from the system and the reagent level noted after the
supply pressure was adjusted to provide a 75-psi injector differ-
ential pressure. Fuel was then loaded from the catch tanks since
spillage could result in a fire that would be less hazardous with
the oxidizer still in the storage system. Propellant levels were
established by liquid-level sensors. In a common ullage test,
oxidizer is loaded after the fuel and the tanks are pressurized
either individually or through the fuel tank and common ullage
system to approximately 40 psia by the facility gas supply. Nitro-
gen was initially selected for prepressurization, but helium was
later used to better identify the combustion products generated.
initial pressurization of the ullage volume was originally estab-
lished to provide a margin of safety if the injection system did
not respond adequately to prevent overpressurization under condi-
tions of minimum ullage and no propellant outflow (later tests in-
dicated this precaution is unnecessary; however, prepressurization
with helium may be desired to reduce total pressure weight).

The control console starts the test by automatically sequencing
the propellant flow control valves. An 8-sec time delay was in-
corporated in the outflow system to provide final adjustment of the
desired propellant flowrates. As the tank pressure decreased to
within the injector pressure switch operating range, a reagent
injection began to maintain the desired pressure within the presb.e
switch deadband by intermittent combustion. System operation was
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monitored by both the control console instruments and Sanborn re-
cording of critical pressures and temperatures in addition to TV
observation of the reaction process. When required, gas samples
were periodically taken during a test and a propellant specimen
was acquired after test completion. Injection termination was
signaled by the propellant low-level sensor, but outflow was con-
tinued in some tests to verify theoretical computations of residual
propellant expulsion by ullage gas expansion. In some tests, addi-
rioeal system versatility was demonstrated by incorporating a 10-
min coast period where propellant flow was discontinued, with and
without continuous pressurization of the tank ullage. After a final
reagent level reading, the system was putged and secured. In early
tests, the injector was usually inspected for wear and contamination
but later experience indicated satisfactory operaion without clean-
ing or repair for five or more full-duration tests.

Fuel Tank InectLon System Development - The injection system
was initially developed on a single tank to avoid the possibility
of undesirable secondary reactions in a common ullage bipropellant
system. This enabled proper identification of the primary combus-
tion products and permitted a more thorough examination of the basic
process with nitrogen tetroxide solid-stream surface injection.
From this experiment, the feasibility of this process for pressuriz-
ing the fuel tank was established. All tests completed were accom-
plLshed on the 5.33-cu-ft aluminum fuel tank with 30% initial ullage
volume pressurized to 30 psig with nitrogen. A schematic of the
test system is shown in Fig. 11-52. The initial propellant load
and expelled volume were identical for each run, established by
the electronic liquid-level sensors providing duplication of the
pressurized ullage volume for each test. Constant propellant
flowrate was maintained during the 36-psia injector development
tests.
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Test Configuration - During the injector development process,
it became apparent that adequate pressure control could be achieved
by an on/off injection system; consequently, the effort was con-
centrated on improving this design. Since the injector was fabri-
cated from a chemical spraying device, the initial tests indicated
various -1rh'nivni d(,ficionvies. In addition to material compati-
bility problems, the rapid cycling rate and severe environment
inside the propellant tank presented additional difficulties. The
first series of tests using a surface injection process was prima-
rily hampered by injector plugging.

Several early tests with a 0.006-in. injector orifice were
unsuccessful due to the presence of fine particles in the system.
At this time, it was detected that some of the gaskets that ap-
peared to be Teflon were actually nylon and had to be replaced
with Teflon in addition to adding a 10-micron filter between the
injector seat and orifice. These modifications did not prevent
the injector from clogging. The filter was then installed fur-
ther downstream in the system. Testing was resumed and plugging
of the injector was again experienced. Since the injector had
performed satisfactorily outside of the tank during pretest ex-
periments, the formation of reaction products inside of the in-
jector orifice was suspected. Also reactions had been observed
in this area and gunk (unidentified fuel-rich compound) found
on close examination of the injector after completion of a test.
In order to minimize this condition, the voluie between the in-
jector seat and orifice was reduced. In addition, the original
assembly was constructed with a tungsten carbide seat that had
cracked sometime during service and was leaking. The decision
was made to incorporate an aluminum seat to avoid these problems.
The soft aluminum seat required that a guide be installed to align
the injector rod with the seat. Excellent sealing was obtained
at the seat with this design. Sealing rings had to be machined
on the seat and orifice body to allow metal to metal contact for
gasket elimination.

To alleviate the design problems associated with this commercial-
type spraying injector, the assembly was revised so standard tubing
connections could be used and to permit testing of two improved
injector shutoff rods. The first design was a conventional 60-deg
sharp tip valve that provided good sealing, but plugging of the
orifice was again experienced. The second design employed a clean-
ing tip 0.004-in. in dia by 0.25-in. long, It was felt that this
design would prevent reaction products from plugging the 0.006-in.-
dia orifice; however, after several solid particles were found in
the system, this theory was abandoned.
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Since solid contamination was still present in the system,
the design of the system was thoroughly checked. The particles
were too small to be identified, so it was not possible to estab-
lish their origin. Chafing of the upper Teflon packing was later
confirmed. The rod was polished and the packing replaced. The
last remaining Teflon gasket between the injector seat and guide
was also removed and a 10-micron cup filter installed in the

swedge lock fitting. The filter was later removed since its
effectiveness was limited by the clearance required for the in-
jector rod passing through the center of the filter. Subsequently,
a iar e capw.it, 20-micron illter was installeo furthIIL upzLLua,,
in the system that permitted several tests to he made.

At this point, it was discovered that the 0.006-in. sapphire
orifice was somewhat marginal due to the greater-than-expected
quantity of reagent required for propellant tank pressurization
and the additional amount required for the generation of sample
gas. An 0.008-in. stainless steel orifice was installed in the
system and no pressure overshoot was experienced even though the
injectant flowrate was increased 55%. Subsequent tests with a
0.009-in. dia aluminum solid-stream orifice indicated that ade-
quate pressure control could still be obtained, and plugging. was
minimized. A test made with a 0.007-in.-dia 15-deg fan spray
stainless steel orifice indicated that contamination was still
present. This nozzle had to be modified to eliminate a noncom-
patible gasket that also hampered its use. Further testing with
both the modified fan spray and solid-stream orifices indicated
that additional development was still required to achieve the
desired degree of reliability.

The injector was again modified to its present configuration
(Fig. 11-1), which has provided trouble-free operation in the last
six tests. This design isolates the upper part of the injector
by an aluminum injector rod guide. The reagent now enters the
injector through a 0.125-in. OD (0,020-in, wall thickness) tube
at the lower end, thus preventing particles originating in the
upper portion of the assembly from entering the critical areas of
the seat and orifice. The large-capacity 20-micron filter was in-
stalled at the inlet of the tube and the injector instrumentation
was relocated to an upstream position. Since adequate pressure
control was previously demonstrated by large diameter aluminum
orifices an integral stainless steel orifice and seat design was
evolved to eliminate sealing and alignment problems. This seat
proved to be more durable than the aluminum, yet provided good

sealing when lapped to the valve. The increase in orifice size
to 0.012 in. posed no machining problems in the harder stainless
steel. A subsequent test run with a 0.015-in. solid-stream ori-
fice still permitted pressure control within +0.6 psi. The stream
penetration into the fuel with the larger orifice was significantly

greater than with the smaller orifice.
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Some of the various injector orifice tips are shown in Fig.
11-53. The 0.006-in. dia sapphire orifice fitting is shown as
Item A in Fig. 11-53. The sapphire is press fit into the back
side of thi stainless steel fitting and not visible in this photo-
graph. Item B is an 0.008-in.-dia stainless steel orifice tip
that was used in conjunction with the specially designed aluminum
Seat C. The sealing rings machined on the face were required to
eliminate external leakage. The tapered section on the discharge
end was constructed to minimize injector ullage between the seat
and orifice to avoid reaction products being formed. The in-
il4A 'nele of the scat is 1. deg greater than the injector needle

valve to pruvide efficient internal sealing. The 0.007-in.-dia
15-deg fan spray injector is shown as Item D in Fig. 11-53. This
is a commercially available design constructed of stainless steel
with a tungsten carbion orifice insert. Item E is an experimental
aluminum seat that was used in the orifice assemblies without in-
tegral seats. Item F is a 0.009-in.-dia aluminum orifice shown
from the back with its integral 60-deg included angle seat. A
similar 0.015-in.-dia solid-stream aluminum orifice and seat is
shown as Item G. The final orifice configuration (Item H) evolved
is a stainless steel design with a 0.009-in.-dia orifice and in-
tegral seat.

Test Results - The test effort completed during this test series
was primarily concerned with injector development and securing
ullage gas composition data. To establish a dependable pressur-
ization system, 18 single-tank tests were performed with various
injector configurations. Of the 18 tests performed, seven were
only partially successful and the data were not reduced. In three
of the remaining tests, systco operating conditions were not con-
trolled with sufficient accuracy for performance evaluation because
of injector operating problems and a faulty gas sampling technique.
The injector operating problems have been attributed to contamina-
tion by solid impurities and have been alleviated by the improved
design.

Of the successful tests, five were performed with a 0.006-in.-
dia solid-stream orifice with one each using a 0.009-, 0.012-, and
0.015-in.-dia orifice. The results are summarized in Table II-7
for the average data obtained. Each test was run under identical
conditions except for ambient temperature that was approximately
50*¥ for the 0.006- and 0.009-in.-dis orifices and 35*F for the
0.012- and 0.015-in.-dia orifices. Approximately 185 lb of fuel
were discharged in each 150-sec test.
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Table 11-7 Summary MTI Injector Development Tests

TGas ITFuel 6TWall N204 Used

Injector Orifice (OF) (OF) (OF) (Ib)

0.006-in.-dis Sapphire 247 6 18 0.185

0.009-in.-dia Aluminum 211 9 7 0.177

0.012-in.-dia Stainless
Steel 180 17 13 0.207

0.015-in.-dia Aluminum 176 12 17 0.174

Test conditions were:

1) Single tank with N204 solid-stream surface injection
at 100 psig;

2) 30% initial ullage volume pressurized with nitrogen
to 41.7 psie;

3) Fuel tank pressure 36 psia and expulsion at 1.26 lb/
sec.

Nitrogen initial pressurization was used to avoid system over-
pressurization with initial small ullage volume and no propellant
outflow. Pressure control was within ±0.25 psi for all tests dur-
ing propellant expulsion. The gas temperatures, obtained 2 in.
from the upper dome, are maximum values. Final fuel temperature
was obtained by a probe in the propellant tank outlet with a re-
sidual 0.42 cu ft of liquid remaining in the tank at the end of
the run. Propellant tank wall temperatures were measured exter-
nally at three locations with the highest reading reported. The
quantity of reagent consumed was determined by actual measurement.
Typical pressurization system performance curves are presented in
Fig. 11-54 thru 11-56 to show the actual conditions during a 150-
sec test. These data were complied for solid-stream surface injec-

tion with a 0.012-in.-dia injector. Tank pressure was maintained
within ±0.25 psi throughout the run while the injection frequency
varied from 2.6 cpa at the start of the run to 2.1 cps near the
end. The gas sample valve was opened 10 sec after test initiation,
allowing continuous gas bleed through a 0.025-in. orifice. A total

of 0.206 lb of reagent was used, which was slightly higher than
the average test. This was attributed to the low, ambient 39*F
temperature. Figure 11-54 shows basic pressurization system
performance for the small-scale test fixture during a typical
fuel expulsion. The internal and external temperature distri-
butions in the propellant tank are shown in Fig. 11-55 and
11-56, and thermocouple locations are identified. In all tests
conducted to date, a precise definition of the temperature pro-
file in the combustion zone has not been possible, so the antic-
ipated 1600*F flame temperature has not been verified.
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Fig. 11-54 Typical Single Tank Pressurization System Performance
with Solid-Stream Surface Injection
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System Performance Analysis - The fuel tank solid-stream sur-
face injection system was evaluated to determine the validity of
the early version of the analytical model. In Fig. 11-57, actual
data are compared with predicted performance as functions of re-
action mixture ratio (reaction mixture ratio is defined as the
ratio of oxidizer to fuel mass consumed in the reaction process).
Both the variation and average data are presented to show the de-
gree of correlation with predicted values. Although minor modifi-
cations are required to adjust the heat balance, the quantity of
reagent used is approximeLi y L,ti_& tha p-.:. I Od for the reoction
mixture ratio of 0.42 obtained due to the amount of condensibles
formed. The apparent reagent consumption correlation in Fig. 11-57
at a reaction mixture ratio of 1.25 has no significance since the
theoretical computation was based on an assumed gas molecular weight
of 19.5 and the actual molecular weight obtained was 13.

The theoretical quantity of reagent used was originally based
on the quantity of combustion products formed and predicted range
of reaction mixture ratios assuming no condensation occurs. In this
computation, a combustion gas molecular weight and composition was
determined from the theoretical equalibrium calculation for the as-
sumed mixture ratio. The results of this computation are shown in
Fig. 11-58. For the combustion product molecular weight of 13,
the theoretical reaction mixture ratio of 0.57 from Fig. 11-58 is
slightly higher than the actual 0.42 reaction mixture ratio deter-
mined from a mass balance. The actual reaction mixture ratio was
based on the measured quantity of reagent consumed and total amount
of products produced, as described by the following relation:

Reaction Mixture Ratio a

Mass Oxidizer Consumed
(Total Mass Products Produced) - (Mass Oxidizer Consumed)

where the total mass of products produced includes condensed water
and any other identified condensed products found in addition to
the mass of combustion gas generated.

The mass balance performed required that the total quantity of
combustion products generated be determined, including the part that
condensed in the system and was consequently not included in the gas

analysis. Since the actual amount of fuel consumed in the reaction
could not be determined from test data, the unidentified products of
reaction were assumed negligible so a probable reaction mixture ratio
could be established.
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An attempt was made to further define the condensible products
of reaction so the actual reaction mixture ratio could be verified;
however, due to the complexity of the problem, an accurate identifi-
cation was not possible. The actual quantity of gaseous combustion
products generated was calculated from the physical characteristics
of the system as a function of gas molecular weight for the actual
final average ullage gas temperature, and is plotted in Fig. 11-59,
including a small part that was bled from the system continuously
for gas analysis. A small computer program was formulated for this
purpose and is described in Appendix A. The actual amount of con-
densible products formed was established from the increase in water
content of the fuel. The 1.75 lb water/lb of combustion products
estimated from the percentage of water in the final fuel specimen
is substantially greater than predicted (Fig. 11-58). Although
the maximum quantity of water produced, based on a material balance
(0.78 lb/lb of reagent consumed), is significantly lower than the
estimated amount of 2.16 lb/lb of reagent determined from test data,
the resultant error in apparent mixture ratio will be reduced since
other condensibles formed are not included. Table 11-8 summarizes
the mass balance for the solid-stream surface injection system.

Table 11-8 Single Tank Solid-Stream Surface Injection
System Mass Balance

Reaction
Reagent Consumed Gas Water Mixture

(N204) Molecular Actual Wt Fuel Eat Wt' Ratio
(lb) Wt (lb) (Y. (b) WoI/ Wf

0.185 13 0.227 0.2 0.4 0.42

From the actual composition of the reactants, a material bal-
ance was attempted to determine the exact quantities of reactants
required to produce the various constituents of the combustion gas.
Although the primary objective was to determine the quantity of
fuel going into the reaction, this analysis was also required to
identify the condensed products of reaction.
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Note: Orifice dia - 0.052 in.

0.35 Initial vol = 1.95 ft3 .

Final vol w 4.83 ft3.
N2 press. - 40 psia.

0.33 Reg press. - 36 psia.
Initial temp - 5200R.
Final temp m 700*R.

0.31 ,
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Fig. u1-59 MTI Gaseous Combustion Products Total Weight vs Molecular
Weight for the Small-Scale Single-Tank System
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In this computation a particular test was selected with the
following combustion gas composition:

Constituent Volume (7.

N2  0.249

H2 0.497

CH 4  0.120

NH3  0.115

NO 0.019

Due to the absence of water in the combustion products, the
material balance was made assuming that all the available oxygen
from the nitrogen tetroxide went into the formation of water. For
this particular test, 0.195 lb of reagent was consumed to form
0.215 lb of combustion products with an estimated 0.32-lb increase
in water content detected in the fuel. The fuel analysis before
test showed the following composition:

Constituent Volume (M)

N2H4  0.544

N2H2 (CH3) 2  0.395

H20 0.011

Based on an assumed reacted fuel quantity of 0.4 ib, the fol-
lowing material balance was established:

2.12 N204 + 7.42 N2H 4 + 2.63 N2H2 (CH3)2 + 0.24 1120

4.32 N2 + 8.6 H2 + 2.08 CH4 + 2.0 NH + 0.33 NO + 8.4 H20.

By analyzing the above equation it is apparent that an exact
material balance has not been achieved, primarily due to a short-
age of nitrogen (0.187 lb) in the combustion products. Since a
small quantity of both hydrogen and carbon is also absent from the
analysis of combustion products, the resultant material missing
may be the unidentified material condensed in the system. From
the oxygen balance performed, the resultant mass of water formed

(

11-I03



RTD-TDR-63-1123

was 0.15 lb compared with 0.32 lb present in the fuel. The addi-
tional product of reaction required to balance the equation is
0.227 lb. In establishing the quantity of fuel going into the re-
action, the hydrogen balance was considered to be the best approach.
The large quantity of water produced was considered excessive in
view of the quantity of reagent consumed. From the results of this
material balance the reaction mixture ratio for this particular test
was 0.487 compared with the average of 0.42 obtained by a pure mass
balance.

In an attempt to resolve the nitrogen discrepancy in the mate-
rial balance, helium was used in future tests to permit direct iden-
tification of the composition of the combustion products. Since
small quantities of a viscous brotn liquid were detected in the
pressurization system in addition to a slight discoloration of the
fuel, additional analysis, required to determine the composition
of the unidentified substance referred to as gunk, is described in
Chap. II.A.3. The high water content of the fuel can be explained
by the hydroscopic nature of the fuel and inadequate storage of the
specimen before analysis.

The injector development tests performed at 36 psia under a va-
riety of conditions with various injector designs have furnished
considerable data for determining the effects of orifice size on
the reaction process and system thermodynamics. A study of the
shape and size of the combustion zone identified by photographic
observation has been made to correlate the theory employed in the
analytical model. The amount of penetration of the reaction process
into the fuel during this series of tests has been related to the
mass flowrate change introduced through a variation in orifice size.
The injection velocity was an independent variable for all tests
since the injector differential pressure was held constant at 75
psi. An examination of the basic flow equations shows the influenc-
ing factors. Assuming a constant orifice discharge coefficient for
the variation in test conditions, the reagent mass flowrate is:

; - Cd A 2'c pR 6 lb./sec

where

Cd a discharge coefficient, 0.70

A - orifice area, sq ft0

a reagent density, 90 ibm/CU ft

&P a orifice differential pressure, lbf/sq ft

sc a gravitational constant, 32.17 ft/sec2
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By substituting Eq [1] in the continuity equation, the injection
velocity is:

Cd 42gc OR A P

V = ft/sec. [2]PR

As can be seen from Eq t2], the injection velocity is independent
of the orifice size for a given fluid and differential pressure.
The mass flow is directly proportional to the sqi._. _f .I- i
diameter. The variation in penetration obtained from the injection
process and consequently the amount of heat transferred to the pro-
pellant during the completed series of tests are therefore due to
the change in mass flowrate resulting from the variation in orifice
diameter.

Propellant penetration into the fuel as well as the temperature
increase in the fuel vs orifice diameter are plotted in Fig. 11-60.
These results were obtained from photographs of the combustion proc-
ess and liquid temperature measurements. The heat transfer to the
fuel appears to be proportional to the surface area of the combus-
tion zone for the range in orifice sizes tested. Since the amount
of temperature stratification in the residual fuel is not known,
an accurate account of the total amount of heat transferred cannot
be determined. A heat balance to correlate the test results and
further identify prcess characteristics is contained in Chap. III.A.

The ullage gas temperature increase due to the solid-stream sur-
face injection process has been moderate (200*F) since approximately
75% of the available energy is transferred to the propellant. The
reduction in gas temperature resulting from the increase in quantity
of heat dissipated to the fuel with the larger orifice diameters is
shown in Fig. 11-61. The decrease in gas temperature is smaller
than anticipated, due to the relatively large gain in propellant
temperatures, since the heat capacity and quantity of fuel are much
greater than those of the gas. The resultant 10% decrease in ullage
gas temperature contributes to the slight increase in reagent con-
sumption.

The wall temperature data compiled showed little effects other
than being functions of the temperature and time exposed to the ul-
lage gas. The tests that gave a higher gas temperature resulted in
a alizhtly higher wall temperature. The increase was only 1*F for
every 25*F change in ullage ga temperature over the test range.
The wall temperature data shown in Fig. 11-62 are corrected for the
initial ambient conditions by showing the relative change.
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2 Note; Single Tank Test Results 2
18 -- 1 Solid-stream surface injection 1l~h-1 w,O, injection pressure -1.00 psig. 1

2. Fuel tank pressure - 36 psia.
16 3. Initial fuel load a 211 lb. 16

4. Final fuel load -23.3 lb.
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Fig. 11-60 Injector Orifice Size Effects on Fuel Combustion
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Since the amount of heat dissipation to the liquid propellant,
hence penetration distance of the injected reagent, are particularly
important to reduce ullage gas and tank wall temperatures, addi-

tional study of this phenomenon was performed in an attempt to
establish the influencing factors. To assess the relative impor-
tance of injection velocity and injector orifice size, both a theo-
retical and an experimental program were undertaken. Based on a
nonreaction process, an attempt was made to correlate this theory
with the actual combustion data obtained from the research test
fixture. The nonreacting process study was performed by the down-
ward injection of colored water into a water-filled 5-gal. cylin-
dri:al glass container calibrated with a 1/2-in. grid. The process
was analyzed by iuspecting motion pictures taken at 200 fps. Water

was injected through orifices of 0.006, 0.135, 0.015, and 0.040 in.
in dia at differential pressures of 75 and 150 psia (higher differ-
ential pressures caused the solid stream to break up and were not
considered in this investigation). The data obtained are summarized
in Table 11-9. Particularly interesting was the &act that a max-
imum penetration distance was reached in each nonreacting test,
conversely to a reacting-type process that appears to be limited
only by the injection duration or the physical boundary of the sys-
tem.

Table 11-9 Nonreaction Injection Penetration Test Data

Time to Max Penetration Injection
Orifice Dia Injector AP Penetration Penetration Rate Average Velocity

(in.) (psi) (in.) (sec) (in./sec) (in./sec)

0.006 75 3.5 945

0.015 75 6.0 0.030 222 945

0.0135 75 6.0 0.030 222 945

0.0135 150 8.0 0.025 320 1340

0.040 75 13.0 0.053 244 945

0.040 150 15 (est) 0.048 315 1340
(est)
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All data reported were determined from the photoanalysis ex-
cept the injection velocity, which was computed. Particularly
significant was the penetration distance, which increased linearly
with the orifice diameter for a given injection velocity and was
proportional to the square root of the differential pressure across
the orifice. The average penetration rate was approximately 50%
of the theoretical maximum and independent of orifice size, as
expected from an inspection of the influencing parameters.

Bared on an energy balance relating pressures at the stagna-
tion p(int of a jet impinging on a target, it can be shown that

1/2 p j (vi jU) 2 - 1/2 U32 [3]

where pj and p are the densities of the injected and peLuetrated
fluid,

vJ M injection velocity,

and

U - penetration rate.

If P- = p, Eq [3] reduces to,

U = . [4]

If sj/p A 1, Eq [3] can be expanded and solved for UA, the aver-

age penetration rate giving

1 P, ±

UA NV P 1  0~v 1 f- ~ 0 P1 -Es]
2 (pj - p) 151

where vj can be determined from the well known modified orifice

flow equation

v F28 Cd g: ft/sec [6]
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and

Cd - orifice discharge coefficient

c = gravitational constant - 32.17 ft/sec
2

LP injector differential pressure, lbf/sq in.

= fluid density, ibm/CU ft.

Table 11-10 compares the expected velocities computed from Eq (5]
and [6] for water, a 50/50 blend of hydrazine and unsymetrical di-
methylhydrazine, and nitrogen tetroxide for a 75-psi differential
pressure.

Table 11-10 Penetration Rate Comparison for a Reacting
and Nonreacting Process

Theoretical Theoretical Actual
DensityRatio Injection Average Pene- Penetration

Injected Penetraed D y RVelocity tration Rate Rate
Fluid Fluid J/P) (ft/sec) (in./sec) (in./sec)

Water Water 1 78.8 472 222

Fuel Oxidizer 0.628 82.8 438 100

Oxidizer Fuel 1.59 66.0 442 N/A

Since the combustion process was not photographed in the oxidizer
tank, there is no identification of the actual penetration rate
or distance. However, since the theoretical nonreaction penetra-
tion rates in the fuel tank are similar to those in the oxidizer
tank, the penetration phenomena were assumed identical for design
purposes, although additional investigation is required in this
area. The actual penetration rate of 100 in./sec was primarily
obtained from an analysis of two films, one with the 0.006-in.-
dia injector orifice and the other with a 0.Ol35-in.-dia orifice.
Although the penetration processes are significantly different,
the actual penetration rate for the combustion process appears
to be 50 of the theoretical average for a nonreacting process.
The penetration test is summarized in curve form in Fig. 11-63 for
an injector differential pressure of 75 psi.

(_
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Since the actual penetration distance was computed from the
optics of the system, attempts were later made to measure the

penetration and rate by a calibrated illuminat :d scale mounted
inside the tank. However, diffraction and distortion incurred
in the research test fixture prevented a more accurate determina-
tion. Reruns were made at 50, 75, and 100 psi and indicated the
depth primarily increased with injection duration. It was there-
fore concluded, from the amount of testing performed on the pene-
tration process, that additional studies should be conducted with
high-speed photography and a specially designed system so the re-
action can be investigated under a variety of conditions without
optical interference. In the absence oE further knowledge in this
area, the primary emphasis for future MTI system design should be
to ensure that a good solid stream is obtained from the injector
for maximum penetration into the propellant. The orifice diameter
will be controlled by the physical characteristics of the system
and differential pressure limited to 200 lbf/sq in. based on cur-

rent injector technology. A detailed analysis of injector sizing
is contained in Chap. V.B.

Photographic observation of the rcaction process provided val-
uable information in determining the size of the reaction zonb and
variation in spray pattern and penetration to aid in the study of
heat transfer to the propellant ard surroundings. Additional tele-
vision observation of the process on many of the tests provided
quick information for system analysis and development. A sequence
of photos is provided in Fig. 11-64 to show the shape and develop-
ment of the combustion zone with nitrogen tetroxide solid-stream
surface injection at 100 psig through a 0.006-in.-dia orifice.
The photographs were taken through the fuel from the lower camera
port at a 45* angle to the liquid surface, and represent a typical
reaction for the pressurization process occurring at an average
frequency of 2 cps.
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F'ig. 11-64 Fuel Tank Combustion Photographs
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The dimensions of the combustion zone are approximately 4.5
by 0.75 in. dia. The area of the combustion zone shows correlation
with the 0.1 sq ft assumed in the analytical model. In this com-
putation, pressurization system performance is based on the theo-
retical reaction flame temperature for the anticipated reaction
mixture ratio. The photographs were taken at 128 fps with a 10
mm lens at an aperature of f/1.8 on Ektachrome film. Attempts
to photograph the reaction from the top of the tank with infrared
film were unsuccessful. The average duration of the reaction
process as determined from film speed was approximately 0.140 sac.
Frame 4 shows the reactiun fully developed with a slight reflec-
tiuo at Llhe upper r .u-- of- the.. .. ...mbust ,i.n re. .. .gion.. i,.d. -., a ti'g Mi......
surface ripple. At this time, the reaction appears to break into
several small balls of fire. The photographs of the reaction
process with larger diameter solid-stream orifices show better
concentration of the reaction and the penetration into the fuel
is greater. As a result, the amount of heat transfer to the liq-
uid increased. Injection system response was also measured from
the time the electrical signal was initiated until a pressure in-
crease was noted in the propellant tank. The average opening
response of 0.120 sec also included the response of the measuring
and recording system estimated to be less than 0.020 sec. The
shutoff response was considerably faster at approximately 0.020
sec. Rapid pressurization termination after the inje'tor signaled
closed verified an absence of fuel autoignition; however, some
pressure rise resulted due to the combustion of reagent unreacted
after injector shutoff. Part of a typical propellant tank pressure
trace is shown in Fig. 11-65. The nominal combustion duration
from the pressure trace confirmed the time of 0.140 sec determined
from photographic observation. The high initial pressure was due
to the nitrogen prepressurization. In this case, using a 0.006-
in.-dia injector orifice, a slight pressure under and overshoot
was experienced at the start of the test due to the small ullage
volume. Excellent pressure control of ±0.25 psi was achieved
with 5 psi/sec pressure rise rate With the 0.015-in.-dia in-
jector orifice, the maximum width of the pressure band increased
to 1.2 psi because of the relatively high 30 psi/sec pressurp rise
rate. The pressure decay rate increased slightly with time due
to an increase in heat transfer resulting from the greater tank
surface area exposed while the pressure rise rate decreased at a
higher rate due to the increase in ullage volume. The result was
a maximum injector frequency at the start of the test and lower
frequency at the end. The frequency was reduced in tests with
pressure overshoot. The nominal frequency for all tests ranged
from 1 to 3 cps.
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Fuel Tank Injection Method Evaluation - The primary objective
of the injection system development test series was to determine
if a significant change in gas composition and molecular weight
could be achieved by varying the primary tank injection process.
Other pertinent factors included reagent consumption, propellant
contamination, entrained vapor, system vibration, and temperature
distribution in the propellant, tank wall, and ullage. To inves-
tigate the reaction phenomena, the following four methods, which
were considered to be representative of the variety of possible
reactions, were selected for evaluation:

1) Solid stream surface injection;

2) Solid stream subsurface injection;

3) 15-degree fan spray surface injection;

4) 15-degree fan spray subsurface injection.

All of the injection system development tests were performed
by injecting nitrogen tetroxide in the fuel-filled primary tank,
and subsequently pressurizing the water-filled secondary tank
through a common ullage manifold. Two tanks were tested to verify
satisfactory performance of the common ullage system with a non-
volatile inert secondary fluid. The absence of the secondary
liquid vaporization or reaction permitted a detailed study of the
primary gas composition without complications of a secondary re-
action while providing a maximum quantity pressurizing gas gener-
ation. The inherent flexibility of the small-scale research test
fixture and versatility of reagent injection provided sufficient
capability for system changes with only minor adjustments. From
an analysis of system performance obtained with the various meth-
ods of reagent injection, the most desirable system was estab-
lished.

Test Configuration - A general description df the test con-
figuration for this test series is contained in Chap. II.B.2
with an identification of system instrumentation location and
nomenclature Propellants were loaded to the 30% level in the
primary (fuel) tank and to the 5% level in the secondary (oxi-
dizer) tank. Initial pressurization of the system was adjusted
to 40 psia by the facility helium supply. Subsequent pressur-
ization during propellant expulsion was accomplished by the com-
bustion process and interconnection of the primary and secondary
tank ullages by a l-in.-dia line. A 1/4-psi differential check
valve in the line assured proper flow direction, and a mist elim-
inator was installed at the primary tank end reduced entrained
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liquids. Reagent flow was maintained by a 100 psig pressurized
1-in. dia calibrated glass tube containing nitrogen tetroxide
with the on-off injector controlled by a 36 ± 0.25 paia pressure
switch. Liquid flow rates were individually maintained during
the 150-sec test by remote adjustment of the flow control valves.
Flow was terminated automatically by the propellant tank liquid
low-level sensors. A visual determination of entrained vapor in
the expelled propellant was provided by a sight glass in the tank
outlet. The combustion process was televised and photographed
through a lower camera port in the propellant tAnk.

Except for slight variations in ambient conditions, each test
was run under identical conditions. The actual pressurized volume
was controlled to close tolerances by the liquid level sensors
so that small variations in average propellant expulsion rates
could not significantly affect test data. System parameters mon-
itored during each test include propellant tank gas, liquid, and
wall temperatures, as well as ullage pressure and reagent tempera-
ture and pressure. All parameters except reagent consumption,
which is determined from the volumetric change in the calibrated
supply system, were recorded along with propellant flow rates.
Process gas specimens taken from a continuous bleed manifold were
chemically analyzed and are described in detail in Chap. II.C.3.

Test Results - A summary of the basic tests performed and
injector systems used is presented in the following paragraphs,
with the significant observations and system characteristics
identified. Table 11-6 explaining the instrumentation nomencla-
ture, and Fig. 11-51 showing the location of each parameter are
contained in Chap. I1,B.2,

Solid Stream Surface Injection - Two test runs were conducted
using a 0,012-in. dia stainless steel orifice to inject a solid
stream of reagent into the fule tank on pressure demand. Pictures
of the reaction process indicated a penetration depth of approx-
imately 6 in. below the fuel surface. The combustion zone was
confined .to a small area around the penetrating reagent and com-
bustion stopped when reagent injection was terminated.

Figures 11-66 thru 11-68 represent typical performance curves
for this type of injection. Primary tank gas temperature (3101F
maximum) and pressure (36 ± 0.25 psia) control was satisfactory.
Total reagent consumption during the run was 0.412 lb. Visual
observation detected no tank vibration or entrained vapors in
the expelled propellant. Gas analysis indicated an average com-
bustion product molecular weight of 13.4 for this type of injec-
tion.
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15-deo Flat Spray Surface Injection - Three test runs were
conducted using a 0.013-in.-diameter carbide orifice to inject
a 15-deg flat spray pattern on the fuel surface on pressure de-

mand. The spray pattern was used in an attempt to alter the gas
composition and determine the effects on tank temperature and

pressure control. Film coverage of the reaction process indicated
little or no reagent penetration below the fuel surface. The re-
action appeared to be the combustion of small reagent droplets
on the fuel surface. As in the previous tests, the reaction

stopped when reagent injection was stopped.

Figures 11-69 thru 11-71 represent typical performance curves
for this type of injection. Primary tank pressure control was

within ±1.O psi, which is greater than the required ±O.5-psi pres-
sure range. Primary tank gas temperature was approximately 755°F
for all test runs, which is substantially higher than the 300*F
desired, Figure 11-70 illustrates temperature changes from liquid
to gas as the temperature rake thermocouples TiFT3, TiFT4' and

TiFT5 uncover at approximately 85 sec. Average reagent consump-

tion for the three runs was 0.634 lb.

Visual observation indicated no primary tank vibration or
entrained vapors in the propellant outflow. Gas analysis indi-
cated a combustion product average molecular weight of 22.7 for
this type of injection.

Solid-Stream Subsurface Injection - Three test runs were con-
ducted using the 0.012-in.-diameter solid stream orifice located
2 in. above the outflow baffle splash plate and directed toward
the tank outlet. This technique was tested to determine the ef-
fects of combustion product regenerative cooling on the tank tem-
perature, tank pressure, and combustion product molecular weight.
One of the test runs yielded only limited test data due to clog-
ging of the injector orifice after 50 sec of outflow. Film cov-
erage of the reaction process indicated a controlled combustion
zone approximately 4 in. in diameter around the injector orifice
resulting in violent agitation of the fuel. The combustion zone
flame color was yellow. As noticed in the other injection tech-
niques, the reaction stopped when reagent injection was stopped.

11-121



RTD-TDR63-1
1 2 3

700

600

T iFT1

40

30

200 
Mae-ild eonayTn

soo

- 0

0

~10
07 

1 I

30

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (see)

ri.g. 11-69 Pressurization Systemu Performauc6 Curves with 15-deg Van Spray Surface Injection
in Privacty Took

11-122



RTD-TDR63-1123
800 1 1 1 1 1

Niote: T iFT3 # T iF 4 ' T ilT5  - - -

uncover at - T + B 5 mac
( 700

Water-Filled Secondar Tank 9

600 - - - - - - - - -

5001 1 - -

1.400 -T-- - - eed
I/ A I L1FTL

A~FT 

3

- - - - -7 1 iFT4

200- C) T- -- I-T- o
- - .i... - ~ i1T7

100- - --- -

50- -

0 20 40 60 80 100 120 140 160

Time (sec)

Fig. 11-70 Primary Tank Internal Temperature Prof iles with L5-ding Fan Spray Surface
Reagent Injection

Leinend:
150 o Tfo

T 1 Water-Filled Secondary Tank-

100 A wPT2

11

0 20 40 60 80 100 120 140 160

Time (see)

Fig. 11-71 Primary Tank External Temperatures for 1S-deg Pan Spray Surface Reagent

Injection

11-123



RTD-TDR-63-1123

Figures 11-72 thru 11-74 represent typical performance curves
for this type of injection technique. Tank pressure control in
both tanks was within a 0.5-psi pressure band. Figure 11-72 shows
that the fuel ullage temperature (TiFTI) started a steady increase

only after the fuel level fell below the injector orifice. Visual
observation indicated a definite tank vibration caused by the sub-
surface reagent reaction. The average reagent consumption for
the two complete test runs was 0.468 lb. No entrained vapors were
noted in the propellant outflow. The combustion product average
molecular weight was 15.6 for this injection technique. Inspection
of the outflow hnfflo -pansh plate showed no damage due to sub-
surface reagent impingement and reaction.

15-deg Flat Spray Subsurface Injection - Two test runs were
conducted using the 0.013-in. diameter 15-deg flat spray orifice
located 2 in. above the outflow baffle splash plate and directed
toward the tank outlet. This technique was tested to determine
the effect of combustion product regenerative cooling and reaction
mixture ratio change on tank temperature and pressure control and
combustion product molecular weight. Film coverage of the re-
action process indicated a combustion zone similar to that of
subsurface solid-stream injection except that the combustion flame
color was white. The reaction process again created violent agi-
tation of the fuel. As noted in previous runs, the combustion
stopped when reagent injection was stopped.

Figures 11-75 thru 11-77 represent typical performance curves
for this type of injection. Tank temperature and pressure con-
trol was satisfactory using this technique. Pressure control was
within a 0.5-psi pressure band. Tank ullage temperature remained
near ambient until the fuel liquid level fell below the injector
orifice. Average reagent consumption for these test runs was
0.412 lb. Visual observation indicated a definite tank vibration
due to subsurface spray reagent injection. During the test runs,
many very small vapor bubbles were entrained in the propellant
outflow. The combustion product average molecular weight for this
injection techL.ques was 17.5. Inspection of the outflow baffle
splash plate indicated no damage from direct impingement of the
injected reagent.
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Performance Analysis - The functional operation of the four
injection systems investigated were considered feasible for full-
scale system application except for the surface spray technique,
which incurred a minor explosion in a retest. This event resulted
from a partially plugged injector, which allowed a high concen-
tration of NO2 in the fuel tank. The presence of an unreacted

oxidizer in a hydrogen-rich atmosphere apparently caused an ad-
ditional reaction to be initiated by the normal combustion of
N204 and the fuel. Although no damage resulted from this occur-

rence, vaporized oxidizer must be avoided in the primary tank.

The location of the injector (either in the tank ullage or
below the liquid surface) did not impose any significant opera-
ting problems. Elimination of tendencies to entrain vapors in
the liquid or create excessive fluid agitation would, however,
require additional consideration in a full-scale system.

In all the tests performed, the termpersture of the gas in
the water-filled secondary tank was moderate (60*F) and pressure
control was excellent. Due to the large amount of heat absorbed
by the common ullage line, a noticeable amount of condensate was
detected after each test. The quantity and composition of this
unidentified material ic discussed in Chap. II.C.3.

The results of the injection system development test series
are based on the twelve tests performed by the injection of nitro-
gen tetroxide into the fuel tank, with subsequent pressurization
of the water-filled secondary tank by means of a common ullage
manifold. All the tests performed were successful except one
that was only partially successful because of its early termina-
tion as a result of a plugged injector. Injection was effected
in the fuel tank by both the surface and submersed systems, em-
ploying either a solid-stream or a 15-deg fan spray injector.
Photographs of the combustion process are shown in Fig. TI-78 for
the four injection techniques investigated. The variation in in-
jection technique has been determined to affect the reaction proc-
ess and alter the gas composition in addition to influencing the
heat transfer characteristics in the fuel tank. A summary of the
average performance of each system is presented in Tables 11-11
and 11-12.
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Since the gas molecular weight reported does not include
the condensed products of reaction, the absolute value would be
slightly higher than these figures. Although the relative varia-
tion in molecular weight has been definitely established, the
reaction mixture ratio cannot be determined by test measurements,
and consequently was based on the theoretical equilibrium calcu-
lation for the combustion product molecular weight obtained. A
theoretical technique is also employed in obtaining the weight of
combustion products produced; however, the computation is based
on the actual phyRical characteristics of the system for the
parLJluula test ru and corr ... . product

molecular weight. From the results of this test series, the
solid-stream surface injection system was selected for further
development in the live oxidizer test series, based on the fol-
lowing observations:

1) Low ullage gas molecular weight;

2) Desirable operating temperatures;

3) Low reagent consumption;

4) Low system vibration;

5) Moderate amount of condensibles formed.
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Common Ullage Systm Development - After selecting the most

desirable injection technique, the next phase of the research test

program was to develop the common ullage prossurization technique
using live oxidizer (N 2 0 4 ) in the secondary tank. The development

of a common ullage pressurization system for the hypergulic pro-

pellant combination was primarily concerned with the design of a
system that would ensure safe and reliable system operation. Ad-
ditional effort was also expended to improve system operating

characteristics and efficiency. To avoid pressure or tomporature
rnnrrol nrnhiPmq In the secondary tank and prnvide stable system

operation, the common ullage development program was centered on
two basic techniques, surface and subsurface gas impingement.

Several variations to each design were tested to investigate the
influence of entering gas velocity and uniform distribution with
and without cross flow gas conditioning. A primary objective of

this test series was to determine the nature and control of the
secondary reaction in view of the reactive and potentially reactive

constituents of the pressurizing gases. To verify safe system
operation and potential capability, several tests were performed
with MTI initial pressurization and a 10-min coast period before
restart of propellant outflow. Because of the complexity of the
problem, the evolved common ullage configuration was not recom-

mended for full-scale demonstration testing.

Test Configuration - The test configuration for the common
ullage development test series was basically the same as the in-
jection system development test series and is described in Chap.
I1.B.2. Primary changes to the system involved the various modi-
fications to the common ullage line and gas impingement technique

in the oxidizer-filled secondary tank. The common ullage line
configuration for the initial tests was the same as for the tests
with a water-filled secondary tank. This system employed a
demister inside the primary tank at the entrance to the upper
dome. An isolation valve was installed in the line for additional
flexibility and safety, but was maintained in the open position
throughout the test series. Back flow of gas was satisfactorily
controlled by the 1/4-psi check valve in the surface gas impinge-
ment tests, thereby preventing any undesirable reactions in the
primary tank. The primary tank reagent injection system was un-
changed for the initial series of tests.

11-133



RTD-TDR-63-1123

Since considerable primary tank gas composition data were
accumulated by the original multiple sampling system, a single
specimen sampling technique was used to minimize the amount of

gas generated. With the reviserd system, samples of the primary
tank pressurizing gas were taken directly from the ullage in an

evacuated bottle immediately after the termination of the test.
Secondary gas samples were procured with the sampling system
previously used for the primary tank. This system enabled speci-
mens to be taken remotely at 20, 60, 120, and 160 sec during the

test by a continuous-bleed heated system.

Test Results - The common ullage system development program
required the major portion of the Phase I effort. The test re-

sults are contained in four parts:

1) Secondary tank surface gas impingement test series;

2) Secondary tank subsurface gas impingement test series;

3) Restart test series;

4) Secondary tank conditioned surface gas impingement
test series.

The first two test series were 150-sec continuous tests; however,
for thorough system development a restart demonstration was re-
quired. In the restart test series the primary development item,
after pressure control was obtained, was a reduction in secondary
tank vibration inherent in the subsurface gas injection process.
Since the vibration level could not be reduced below a 3 g double
amplitude level, attention was directed at the surface gas impinge-
ment process in a restart test plan with cross flow gas condition-
ing.

Secondary Tank Surface Gas Impingement Test Series - This
series of tests initially required five full-duration (150 see)
continuous runs with one additional test performed during the sub-
surface gas impingement test series to investigate the possibility

of total condensate removal from the cross flow gas. The first
three tests were performed with solid-stream surface reagent in-
jection in the primary tank and with direct impingement of the
cross flow gas into the secondary tank. Figures 11-79 thru 11-84
represent typical pressurization system performance curves for the

particular configuration.
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Primary tank pressure and temperature control was satisfactory,

and no entrained vapors were noted in the fuel outflow. Acceler-
ation measurement in the fuel tank X-axis showed a double amplitude
vibration level of 0.13 g in the fuel tank. The average reagent
consumption for the two good runs was 0.311 lb.

Secondary tank pressure control was erratic with pressure
variations reaching ±2.5 psi. The maximum temperature in the
secondary tank ullage was well above the 300°F dcsired temperature.

igtire 11-79 shows the comparison between primary and secondary

pressure and temperature control. The oxidizer flow rate change
seen in Fig. 11-79 was caused by remote flow control valve adjust-
ment to obtain the desired outflow rate. A more detailed secondary

tank temperature and pressure data plot showing the maximum fluctu-
ation is presented in Fig. 11-80 and 11-81, respectively. Injec-
tion shutdown occurred at T - 155 sec, accounting for the
decreasing temperatures noted after this time in Fig. 11-82 and
11-83. Secondary tank combustion product molecular weight was
23.3 with an average ullage molecular weight of 27.8 including the
NO2 but not the helium used for pressurization. The secondary tank

erratic pressure and temperature control was believed to be caused
by liquid condensate intermittently being injected onto the oxi-
dizer liquid surface, causing secondary reactions between the oxi-
dizer vapors and the combustible constituents of the combustion
products formed in the primary tank.

The next test performed was identical to the previous tests
except that subsurface spray injection was used in the primary
tank. This test was made to determine if this injection technique
would decrease the secondary tank reactions by altering the com-
bustion product composition oi condensing some of the reactive
constituents of the combustion gas in the fuel.

The results of this test were: primary tank temperature and
pressure control was satisfactory, and no entrained vapors were
noted in the propellant outflow; acceleration measurements showed
a double amplitude vibration level of 7 g along the fuel tank
X-axis. This acceleration measurement confirmed visual observations

of tank vibration made during injection technique development
tests. Reagent consumption was 0.456 lb.

Secondary tank pressure and temperature control was again

unsatisfactory. Secondary tank pressure variations were + 2.0 psi.
The maximum tank ullage temperature was 320

0 F, which was 00
lower than previous tests but still above the desired maximum
temperature. Temperature changes were erratic and corresponded to
the pressure variations, indicating the secondary reaction had not

been appreciably reduced. Secondary tank combustion product molec-
ular weight was 22.7.
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A subsequent test run was performed using the subsurface spray
injection technique identical to the previous run except that the
common ullage line was extended into the oxidizer tank until the
outlet was approximately 2 in. above the oxidizer surface at test
start (5% ullage). In addition, the common ullage line outlet was
reduced from a 1-in. dia to a 1/2-in. dia to increase the velocity
of the gas impinging on the oxidizer surface. This test was per-
formed to determine the effect of high velocity (31 fps as opposed
to 7 fps previously used) surface gas impingement in the secondary
tank.

The results of this test were primary tank temperature and
pressure control was satisfactory; fuel tank X-axis vibration level
was 6 g (double amplitude).

Secondary tank temperature and pressure control was satisfactory
to T + 60 sec, at which time a sudden temperature and pressure rise
occurred in the secondary tank. Secondary tank temperature spiked
off scale (greater than 5000F) and the tank pressure was sufficient
to rupture a 300 ± 50 psi burst disc on the secondary tank. The
cause of this explosion was due to the high velocity of the com-
bustion product condensate (gunk) impinging on the oxidizer surface
igniting the explosive ullage gas. This conclusion is based on
subsequent determination that liquid condensate (gunk) is hyper-
golic with liquid N204, which in turn detonating the combustible

constituents of the pressurizing gas.

Because of the vibration in subsequent tests associated with
subsurface gas impingement in the secondary tank, another test
run was made using surface g..i impingement and a condensate trap
to reduce secondary tank reactions previously seen with surface
gas impingement. The test configuration was the same as the first
surface jas impingement test except that the external demister was
used in place of the internal demister. A trap designed to sepa-
rate liquid particles from the common ullage gas was installed in
the common ullage line and submerged in an ice water bath.

The Lesults of the test are summarized below and the pertinent
date are shown in Fig, I1-84.

The primary tank temperature and pressure control was satis-
factory and similar to tests without the condenser installed. No
tank vibration or entrained vapor in the propellant outflow was
noted. Reagent consumption was 0.298 lb. The primary tank Sea
sample was taken downstream of the condenser for this test and
was determined to have a molecular weight of 14.07.
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Secondary tank pressure was satisfactory, with pressure varia-
tions within a 0.5-psi band. Secondary tank temperature control
was fair (maximum of 3280F), but maximum tank temperature was
reached within the first 60 sec and remained at the high level
throughout the remaining 102 see of the test run. Molecular weight
of the combustion products was 18.4. No vibration was noted in
the secondary tank. No entrained vapors were noted in the oxidiz-
er outflow. This test met all system requirements except for the
moderately high temperature in the secondary tank. luspectio- of
the condensate trap showed that between 15 and 20 grams o! gunk
waq cn11(ttped however, inspection of the common ullage line showed
additional condensate in various areas, indicating complete gunk
separation had not been achieved.

Secondary Tank Subsurface Gas Impingement Test Series - The
next test sequence was made to determine the effects of subsur-
face gas impingement in the secondary tank, since the surface
gas impingement had demonstrated poor temperature and pressure
control in the secondary tank. The first two tests of this se-
quence had the following test configuration. Prepressuriaation,
fuel outflow rate, and test conduction were identical to the pre-
vious surface gas impingement runs. The oxidizer ullage was in-
creased to 30% and the oxidizer flow rate was decreased to 10 gpm
for these runs. Surface solid-stream reagent injection was used
in the primary tank. The common ullage line configuration was
the same except the line was extended below the surface of the
oxidizer and a check valve incorporated at the end of the line.
The condensate trap was removed for this test and the demister
was located inside the fuel tank. The line was reduced in size
to 1/2-in. diameter for the entire extension. The outlet of the
check valve was plugged and forty-eight 3/32-in. diameter holes
were drilled in the valve body to direct the common ullage gas
in a symmetrical radial pattern from the end of the line. The
plugged outlet of the check valve was approximately 1/2 in. above
the second tank outflow baffle splash plate. The results of these
tests are given in the following paragraphs.

Primary tank temperature and pressure control was satisfactory
and no entrained vapor was noted in the fuel outflow. Average
reagent consumption for the two runs was 0.377 lb. The combus-
tion products average molecular weight was 17.2 for these runs.

Secondary tank pressure and temperature control was satisfac-
tory. Secondary tank pressure variation was within a 0.5-psi
band on both runs. The maximum ullage temperature attained
(second run) was 1180F. Acceleration measurements showed a vi-
bration level of 0.65 g (double amplitude) for the secondary tank
X-axis on both runs. Average combustion product molecular weight
for the runs was 22.8.
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Based on these test results, two more runs were made using
the identical test configuration except that the oxidizer tank
was loaded to a 5% ullage and oxidizer flow rate was increased to
14 gpm. An external stainless steel mesh demister was incorporated
in the common ullage line between the fuel tank and the isolation
valve to replace the internal demister, which had been ineffective.

Figures 11-85 thru 11-87 represent typical performance curves
for these test runs. The general results of the runs are given
in the following peragraphs.

Primary tank temperature and pressure control was satisfactory
for both runs. The injector clogged after 110 sec of the occond
run, but data from this run were very similar to the first run up
to the point of injector clogging. Visual observation indicated
no entrained vapor in the fuel outflow and no fuel tank vibration.
Reagent usage for the first run was 0.246 lb (140 sec), and 0.204
lb (110 sec) for the second run. Combustion product molecular
weight was 17.0.

Secondary tank temperature and pressure control was good for
both runs. Pressure control was within a 0.5-psi band, while the
maximum tank ullege temperature was 64*F. The outlet plug was

left out of the check diffuser for the first run, resulting in a
5.6 g (double amplitude) vibration level for the secondary tank
X-axis. The plug was installed for the second run and the vi-
bration level dropped to 3.3 g (double amplitude) in the X-axis.
No entrained vapor was noted in the oxidizer outflow. Gas analysis
showed an average combustion product molecular weight of 26.5 and
ullage gas molecular weight of 31.5 on a helium-free basis.

Restart Test Series - The test series following the surface
and subsurface gas impingement evaluation incorporatt'i no helium
prepressurization. It included a simulated coast period and a
polytropic gas expansion process to expel the residual propellants.

The test sequence followed in all the test runs of this series
was:

1) The common ullage valve was opened and both tanks

were pressurized by injecting reagent into the fuel
tank;

2) After the tanks were pressurized, the propellant
outflow was initiated with a 1-sec oxidizer lead.
The outflow was continued for 65 to 75 sec;
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3) Throttle then outflowed to zero flow and a 10-min.
coast period was started keeping the injector energized
and common ullage open;

4) After the 10-min coast period, restart was initiated
by opening propellant outflow valves;

5) The injector was de-energized when the fuel tank low-
level sensor was uncovered;

6) Propellant outflows were continued with polytropic
expansion until all propellant had been expelled from
the tanks.

The first test configuration in this series was identical to
the first test conducted using subsurface gas impingement, The
fuel and oxidizer tanks were loaded to 30% and 5% ullages, re-
spectively. The common ullage system consisted of a 1-in. flexline
incorporating the external demister, isolation valve, and check
valve. The subsurface gas impingement systems used the check
diffuser at the end of a 1/2-in, tube (located 1/2 in. above the
secondary tank outflow baffle).

Figure 11-88 represents the primary performance curves for this
test. The results of the test are given in the following para-
graphs.

Primary tank temperature and pressure control was satisfactory.
No tank vibration or outflow entrained vapors were noted during
the test. The injection technique used was surface solid-stream,
resulting in a reagent consumption 0.459 lb during the test run.
Combustion product molecular weight was 17.0.

Secondary tank temperature and pressure control was satisfac-
tory during the test until 12 sec after restart, when a sudden
overpressure and high temperature occurred. The pressure returned
to normal after 6 sec and the temperature was normal after 25
sec. The test run was continued satisfactorily. The overpressure
and temperature rise was later determined to be due to a hydrogen
reaction in the ullage, triggered by combustion product condensate
still reacting when it reached the liquid surface. No entrained
vapors were noted in the oxidizer outflow. The vibration level
was similar to that in previous testing using the check diffuser gas
injector in the secondary tank. The molecular weight of the com-
bustion products was 25.5. A significant decrease in hydrogen
was noticed after the uncontrolled secondary reaction.
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The next test in the series was identical to the first test
except that two condensate (gunk) traps were installed in series

in the common ullage line to minimize the condensate entering
the secondary tank. The results of this test, up to the restart
sequence, were almost identical to the first run. Twenty seconds
after restart the oxidizer tank again experienced a rapid tem-
perature and pressure rise. The pressure rise was sufficient to
rupture one oxidizer tank burst disc (300 + 50 psi). The maximum
secondary tank temperature was greater than 5000 F. Reagent usage
was 0.415 lb at shutdown, because of the ruptured burst disc.
The-, probableceune of the rapi-d temapernture anti pressure rise wa
the same as in the previous test. Figurc 11-48 is a photograph of
the test configuration for this test run,

The third test in this series incorporated a different common
ullage line confuguration. The common 'llage line was reduced in
size to a 1/4-in. stainless steel line with a 0.035-in. wall
thickness. The entire line was insulated to prevent cooling of
the common ullage gases. The purpose of this configuration was
to incrcase the gas velocity and decrease the heat transfer sur-
face, to keep the gunk entrained in the common ullage gases and
prevent it from condensing in large quantities. The common ullage
line entered the second tank through a port on the tank bottom.
A gas diffuser, a short tube with three 3/32-in. dia holes, was
used as a gas injector. The isolation valve was a 1/4-in. sole-
noid valve. Two check valves were incorporated in the common
ullage line to prevent back flow from the oxidizer tank to the
fuel tank. The remaining test configuration was identical to the
previous test run. Figures 11-89 and I1-90 show typical perform-
ance curves for this type of test run.

Primary tank temperature and pressure control was satisfactory.
No entrained vapors were noted in the fuel outflow. Visual ob-
servatlon indicated slight primary tank vibration during this
run. This vibration was probably transmitted from the secondary
tank through the solid common ullage line. Reagent consumption
was 0.434 lb. Combustion products molecular weight was 17.7.

Secondary tank temperature and pressure control was satisfac-

tory. The pressure drop of 8 paid through the common ullage
line was later found to be due to an undersized isolation valve.
No entrained vapors were noted in the oxidizer outflow. Second-
ary tank vibration level was 3 g double amplitude during this
run. The molecular weight of the combustion products was 24.7,
giving a total molecular weight of 33.4 for the secondary tank
gas.
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The fourth test run was the same as the previous run except
that the 1/4-in. common ullage valve was replaced with a 1/2-in.
valve to decrease pressure drop, and the gas injection diffuser
was replaced by a diffuser with twenty 0.040-in. dia holes. The
results of the test were similar to those of the previous run.
Temperature and pressure control was satisfactory in both tanks.
No entrained vapors were noted in the propellant outflows. Tank
vibration was the same as that described in the previous run.

P~c~cnton~upti n (9A 1h I1 ri HIP hi-. isni~r orifice
resulted in a combination solid-stream spray injection pattern
that caused the high reagent consumption typical of surface spray
injection techniques. Molecular weights of primary and secondary
tank combustion products were 19.3 and 20.5, respectively. Common
ullage line pressure drop was again high, and a 1-in. isolation
valve was later installed to reduce the pressure drop to 0.5 paid.

Three runs were then made to obtain the desired secondary tank
pressurization performance. In addition to replacing the common
ullage isolation valve and eliminating the lower check valve, the
3/8-in. dia gas diffuser was modified by increasing the number of
holes to sixty. Additional tests were performed to improve system
operation, however, the performance obtained is representative of
the final configuration evolved. Detailed data are included in
Fig. T1-91 and 11-92. An actual data history of a run with a 5-
min coast is presented in Fig. 11-93. Pressure and temperature
control were good in both tanks. There was no evidence of en-
trained vapor in the expelled propellant. Oxidizer tank vibration
was again 3 g double amplitude at an average frequency of 1 cps.
Typical performance for this type test indicated a maximum primary
tank gas temperature of 156*F and 51*F in. the secondary tank with
an average reagent consumption of 0.436 lb. The 650F temperature
rise detected periodically in the common ullage line was attributed
to a gunk reaction with nitrogen tetroxide.

To reduce the vibrations in the secondary tank, uniform gunk
injection was provided by a horizontal S-shaped subsurface gas
diffuser with outlet ports designed to eject gunk, forced to the
tube wall by centrifugal force, at predetermined distances. This
system is shown in Fig. 11-94. This test resulted in a sudden
secondary reaction 32 sec after the coast period. No reduction
in vibration was noticeable before the test ended.
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Texct resumes onl page 11-157.
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A second test was performed with a vortex separator installed
in the gas crossflow line to reduce gunk injection. However, the
amount that gunk injection was reduced (approximately 20 grams)
was insufficient to noticeably reduce the secondary reaction or

vibration levels. This configuration prolonged the detonation
to 50 sec after the coast period. The cause of the previous explo-
sions was attributed to insufficient stay time of the burning gunk
below the liquid surface. This resulted in ignition of the hydro-
geo in the oxidizer tank ullage. A 20-in. long straight horizontal
diffuser was then installed in the tank with downward gas diffusion
provided by 65 0.040-in.-dia holes. The test was completed satis-
factorily until a drop of gunk apparently dripped from the gas dif-
fuser after it was uncovered by the oxidizer. This caused a minor
explosion at shutdownl. Since vibration was not reduced in any of
the tests, attention was then directed to developing a surface gas
impingement system.

Secondary Tank Conditioned Surface Gas Impingement Test Series -
The investigation of secondary tank pressurization by conditioned
common ullage surface gas impingement was primarily initiated
when attempting to reduce the vibration caused by the secondary
reaction. A noticeable reduction in oxidizer tank ullage gas
molecular weight was also realized in the successful tests. A
lack of consistent performance discouraged development and a suc-
cessful system was not conceived. Because of the complex nature
of reactive constituent and elaborate gas conditioning equipment
required to eliminate undesirable secondary reactions, additional
investigation of gunk elimination techniques appears unwarranted.
The research test effort was primarily concerned with investigating
three basic oxidizer pressurization techniques for using surface
cross-flow gas impingement:

1) Gas filtration by chemical or mechanical means;

2) Gas neutralization by chemical reaction;

3) Gas decomposition by catalysis.

All of the systems were based an eliminating the reactive con-
stituent rather than hydrogen since a low molecular weight pres-
surizing gas was desired. Although hydrogen pressurization of an
oxidizer Lank is not the present missile pressurization method, an
investigation of this technique demonstrated safe operation if the
ignition source is eliminated.

Initial tests were performed with a cross-flow gas filter con-
sisting of a vortex separator aL.d a filter containing spun glass,
calcium carbonate, and activated carbon. Two tests were performed
with both tanks loaded to 5% ullage and prepressurized with the MTI
system. Although the first test, a 10 minute coast and restart,
was performed satisfactorily with good pressure and temperature
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control, a small amount of gunk was evident in the line downstream
of the filter. Figure 11-95 shows typical performance for this
run, which is considered representative for common ullage oxidizer
tank pressurization with gunk elimination. A comparable subsurface
gas impingement test is presented in Fig. 11-96. The accumulation
of gunk, however, apparently caused an oxidizer tank overpressuri-
zation in a subsequent test.

Performance Analysis - Relatively consistent performance was
obtained during the common ullage development test series with
both the surface and subsurface gas injection process in the secon-
dary tank for a continuous test. Only two mechanical failures

were noted. The first problem occurred in the primary Lank with
solid-stream surface reaguLi njcLjutl wh-. r .
aged by erosion, causing a spray injection pattern (see Fig.
11-97). No serious consequence occurred and the test was continued
for the planned 150-sec duration. Subsequent analysis of the test
data indicated the high gas molecular weight and temperature char-
acteristic of this type process. However, the secondary tank tem-

perature was somewhat lower (310*F) than was experienced with the
undamaged injector for the surface gas impingement tests (500*F).

The second problem occurred in the secondary tank after test
termination, when the oxidizer was being recycled for propellant
sampling. While the main tank was being reloaded, oxidizer
leakage past the check valve diffuser reacted with condensed gunk
upstream of the check valve poppet. The reaction caused severe
damage to the check valve poppet (see Fig. 11-98), but no other
damage from the reaction was noted. In the subsequent repair of
the common ullage line, the internal demister showed signs of ex-
cessive fuel tank temperatures, which probably resulted from the
failed injector. Figure 11-99 shows the demister element and the
end caps partially melted by the reaction process. A 1/2-in. dia
by 2-in. tubular extension was welded to the injector orifice to
provide proper direction to the stream in future cases of injector
stream distortion.

Either subsurface or surface gas injection in the secondary
tank can be employed in continuous-type tests with proper gunk
control. Gunk elimination is mandatory for surface gas impinge-
ment in the oxidizer tank to provide stable pressure control and
moderate temperatures. Proper gunk injection is required for
subsurface gas impingement. The principal technique used in
either method is to eliminate the combustion of large concen-

trations of hydrogen by maintaining the gunk reaction below the
liquid surface or eliminating the gunk reaction entirely.
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Fig. 11-97 Failed Solid Stream 0.012 Diameter Injector Orifice

Fig. 11-98 Check Diffuser Poppet
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The reactive constituents can be isolated before test by
readily available check valves or compatible solenoid valves of
moderate response. During propellant outflow with subsurface gas
impingement, reactions were observed in the cross flow line, but
temperatures recorded were generally less than 5000F. A 25*F rise
in the common ullage line (TgCuo) at T + 20 sec was due to the

presence of N204 when the reactive constituents entered this area

(Fig. 11-87). In most cases the reaction occurred at the gas dif-
fuser. nd -1 bigh reaction temperature was evident from the dis-
coloration of the stainless steel part.

The common ullage development test series was primarily con-
cerned with two basic methods of achieving satisfactory system
performance:

1) Proper gas impingement to stabilize the secondary

reaction;

2) Elimination of the secondary reaction.

A variation in the type of gas impingement technique (subsur-
face or surface) had indicated that the primary problem encountered
was the difficulty in controlling the secondary reaction. Initial
tests with the secondary reaction it the oxidizer surface resulted
in unstable pressure control and excessive temperatures. Subse-
quent tests with the seconrdary reaction below the oxidizer surface
demonstrated adequate pressure and temperature control. However,
the safety hazard and propellant tank vibrations warrant additional
study. Attempts to eliminate the reaction by various means were
only moderately successful, and the subsurface gas injection common
ullage technique was considered unsafe for future development.

Table 11-13 summarizes the common ullage development test data
for a continuous test with solid-stream surface reagent injection
in the primary tank. A more detailed analysis of system operating
temperature, based on data acquired during the entire Phase I pro-
gram, is presented in Fig. 11-100 and 11-101. Additional informa-
tion concerning gas composition can be found in Chap. II.C.l.
Typical propellant analysis data for the selected process are shown
in Table 11-14. Table 11-15 summarizes the common ullage develop-
ment test data for a restart test with solid stream surface reagent
injection in the primary tank.
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Table 11-13 MT1 Common Ullage System Evaluation-Continuous Test

Gas Molecular Weight N 0
Combustion 2 4 Gunk

TT (of) Combustion Product and Used Trapped
Type Rgas Product Propellant Vapor (lb) (ib)

(P) Surface Solid - 30% Ullage 212 17.0 17 0.258 None
(S) Subsurface - 5% Ullage 8 26.5 31.6

(P) Surface Solid-30% Ullage 180 18.2 18.2 0.271 None
(S) Surface - 5% Ullage 480 22 27.8

(P) Surface Solid 202 14.07 14.07 0,298 0.04
kb) burtace with unk 21 ,5

Condenser - 5% Ullage

Note: (P) Primary Tank (fuel), (S) Secondary Tank (oxidizer)

Table .1-14 Propellant Analysis - Common Ullage Test Series

% Change in Concentrations 150-sec Test
Propellant Fuel Oxidizer
Condition UDMH N2 4  H 2 0 Unknown H20

Maximum -0.3 -0.6 +0.32 +0.58 +0.27
Change

Average -0.8 +0.3 +0.2 +0.2 +0.1
Change

Note: 1. Primary Tank - Solid-Stream Surface Reagent Injection

2. Secondary Tank - Subsurface Gas Impingement

3. Maximum change represents change in propellant composition
entered on engine.

4. Average change represents actual change in total propellant
composition.
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No°te: 1. 36 psia Tank Pressure.

2. Primary Tank, Solid Stream Surface Reagent Injection.
3. Secondary Tank, Subsurface Gas impingement.
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Fig. 11-100 Phase I Fuel Tank Gas Temperature
vs Reagent Consumption
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Table 11-15 MTI Common Ullage System Evaluation-Restart Test

Molecular Weight

Gas Combustion N
Tempera- Products and 2 4 Gunk

tu .nmhii"Rtinn Prnpellnrft Used Trapped
Type Run (OF) Product Vapor (1b) (lb)

(P) Surface Solid - 30%
Ullage 122 17.16 17.16 0.440 None

(S) Subsurface - 5%
Ullage 19 25.57 30.85

(P) Surface Solid - 5%
Ullage 138 13.77 13.77 0.258 None

(S) Surface - 57.
Ullage 5 23.61 29.9

(P) Surface Solid - 5%
Ullage 337 16.0* 16.0* 0.318 Unknown

(S) Subsurface - 5%
Ullage with CR0 3  202.3 2.
Reactor 202.3 2.

(P) Surface Solid - 5%
Ullage 135 16.0* i6.0* 0.402 0.06

(S) Subsurface with
Filter and
Separator - 5%
Ullage 70 17.0 24.0

*Assumed average molecular weight.
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The high molecular weight of the primary tank combustion
products was apparently due to vaporized gunk increasing the
nitrogen content of the specimen. Variations in molecular weight
of the secondary tank combustion products were due to the change
in gas impingement technique. A change in total secondary tank
gas molecular weight was also evident from variations in NO2 con-

centration resulting from the method of gas impingement. The
reagent consumption reported included only that portion that was
injected into the fuel tank. Any additional oxidizer consumed
in the secondary gunk reaction was not identified. Since the
actual reaction of the mass of gunk could not be directly measured,
a material balance was conducted to determine the quantity of
products generated based on the propellant and gas analysis per-
formed. Chapter III.A includes a detailed presentation that can
be used to assess the weight of the MTI system for the particular
process selected.

Subsequent testing with the subsurface gas impingement common
ullage system was primarily designed to evaluate full system
capability and investigate several vibration reduction techniques.
During this portion of the test series, two minor explosions in
the secondary tank occurred on separate tests after the system
was shut down fur 10 min and then restarted. One explosion gen-
erated pressures sufficiently lower than the relief features to
provide ullage gas analysis both before and after the unexpected
reaction. From the reduction in hydrogen noted in the gas samples
taken after the explosion, it became apparent that Lhere should
be additional development effort with the subsurface gas impinge-
ment process.

The test results and additional gas composition data indicate
that the hydrogen is ignited in the NO2 atmosphere by hypergolic

fuel-rich gunk reaction with N204 , Variations in the gas injector

design showed hydrogen concentration reductions due to subsurface
combustion. High hydrogen concentrations in the pressurizing
gas did not always result in any significant reaction. By con-
trolling the gunk reaction below the surface of the liquid, the
hydrogen reaction was avoided, and secondary tank vibrations
were reduced from approximately 8 g to 3 g.

The ability to pressurize the tank initially by the reaction
process was not as significant as the stability obtained after
restart. However, the increased concentration of hydrogen pro-
vided verification of system performance under adverse conditions.
The polytropic decay used for residual propellant expulsion is
particularly important to reduce residual propellants. It is also
important to demonstrate adequate system capability with the gas
diffuser above the oxidizer surface, where a gunk reaction could
possibly initiate a violent hydrogen reaction.

11-171



RTD-TDR-63-1123

Parametric Testina - The parametric test series was performed
with two basic MTI pressurization concepts; the common ullage tech-
nique and the dual reagent injection method. Consequently the test
effort during this portion of the research program involved pres-
surization of the oxidizer tank by fuel injection. From the
experience gained during the development of a fuel tank pressuri-
zation system, only the surface solid stream-reagent injection
system was tested to obtain the desired regenerative cooling with
minimum system vibration. During this test series the effects
of system vibration on pressurization performance was investigated
at the 36 psia operating pressure. Subsequent tests were performed
at 36 and 100 psia on the common ullage configuration and at 36,
100, and 200 psia on both the fuel and oxidizer tank individual'
pressurized by identical reagent injection systems. Satisfactcoy
performance was obtained for the dual reagent injection pressuri-
zation system over the operating pressure range investigated.

Test Configuration - The system configuration for the common
ullage tests was identical to the optimum system developed pre-
viously that incorporated a 2 in. long, 3/8 in. dia vertical sub-

surface impingement gas injector tube with 60 0.040-in. die holes.
A single check valve was incorporated in the 3/8 in. by 0.035 in.
stainless steel uninsulated common ullage line without a demister
in the fuel tank exit. A parallel sight glass was used in the
reagent supply system for the 100 psia tests to provide the addi-
tional pressurization capacity. The 0.014-in. injector orifice

was satisfactory for all the parametric tests performed. An in-
jector differential pressure of approximately 75 psia was main-
tained during each test. Since the injector orifice was optimumly
sized for a larger ullage, pressure control was not as precise
with the initial 5% ullage volume single tank tests. To provide
a direct comparison of all data accumulated, identical propellant
loads and expulsion rates were maintained to achieve a 150-sec
test duration. Helium prepressurization of the 5% initial ullage
volume was adjusted to approximately 1% greater than operating
pressure before each test. Since the time span between tests was
relatively small and an ambient temperature of approximately 75*F
prevailed during this test series, the data compiled were repre-
sentative.

Test Results - The common ullage parametric tests were per-
formed first, followed by the fuel and oxidizer separate reagents
injection tests. A detailed description of the tests performed
is included in the following paragraphs.
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Common Ullage Parametric Tests - Since the common ullage sys-

tem operated at 36 psia several times previously, additional per-

formance data were desired under conditions of primary tank

vibration to determine the extent of process alteration due to

slosh. Satisfactory pressure control and negligible process ef-

fects were verified by imparting a horizontal random vibration

of ±0.25 in. displacement at an average frequency between 1 and 3

cps. Test performance is shown in Fig. 11-102

Pressure control in both tanks was good. The following maximum

variations occurred in the fuel tank: 1 psi up to 10 sec, 1 psi

at 10 to 60 sec, and '2 psi after 60 sec. The oxidizer pressure

fluctuations were less than 1 psi. Maximum ullage gas temperature

was 208OF in the fuel tank and 67*F in the oxidizer tank. An in-

crease in common ullage temperature occurred at the start and end

of test because of the oxidizer reaction with gunk. A pressure

pickup was installed in the oxidizer tank lower dome to verify

the absence of severe detonation. Maximum pressure surges detected

were less than 5 psi, although 8 g double amplitude vibration

levels were detected when the system was supported by wire ropes.

There was no significant effect on the reagent consumption of

0.277 lb for the 187-sec test. A gas sample was not taken, how-

ever, an average combustion product molecular weight of 23.75 is

expected in the oxidizer tank with primary combustion products

of 16.0.

A second test was performed at 100 psia. The only change to

the configuration consisted of an increased reagent supply capacity.

Reagent consumption increased to 0.705 lb for the 147-sec test.

Since propellant tank pressure was controlled by a facility-type

instrument, the pressure control tolerance was wider than in the

36 psia pressure tests. Figure 11-103 presents the performance

of this run. The figure indicates that marginal flow capacity of

the injector resulted in a low tank pressure during the latter

portion of the test.

Maximum ullage gas temperatures were 596*F in the fuel tank

and 89*F in the oxidizer tank. Common ullage line temperature was

not monitored for this test. However, a slight detonation at 100

sec was detected and later determined to have occurred from a burst
gag diffuser. With the gas diffuser damaged (Fig. U1-104), there

was not sufficient time to run the common ullage system at 200 psia.

Combustion product molecular weight was 21.5 in the fuel tank

(indicating a definite increase at the higher pressure) and 28.0

in the oxidizer tank. Although vibration measurements were not

taken for this test, the level appeared to be approximately the
same as the previous test.
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Fuel Tank Parametric Tests - The 36-psia fuel tank pressur-
ization test was rerun during this test series to correlate the
data with the subsequent higher pressure tests. Figure 11-105
is a plot of the data obtained. The data are in agreement with
previous low-pressure tests. Maximum pressure variation at the
start of the test was 2 psi diminishing to psi after 20 sec.
The wide pressure control tolerance was due to the oversized in-
jector. Maximum ullage temperature was 136*F with 0.188 lb of
reagent consumed during the 140-sec test.

Second and Third tests were later run on the same day at 100
and 200 psia. The data are shown in Fig. 11-106 and 11-107.
Pressure control in each test was between 1 and 2% due to a less
sensitive pressure switch than used during the low-pressure test,
Injector flow capacity was adequate for the 100-psia test, but
only marginal during the 200 psia test. Reagent consumption was
0.421 lb for the 100 psia test with a maximum ullage gas tempera-
ture of 349*F for the 131-sec test. Combustion product molecular
weight was 21.5 compared to 20.5 for the '..U psia test. This
discrepancy in molecular weight is within rhp normal distribution
and implies an increase in molecular weight over a 36-psia test.
For the 200 psia test, reagent consumption was 0.629 lb with a
maximum ullage gas temperature of 6600F for the 100-sec test,

Oxidizer Tank Parametric Tests - The first attempts at pres-
surization of the oxidizer tank by solid stream surface fuel in-
jection resulted in an excessively high ullage gas temperature
of 560OF at the 36 psia test pressure. Figure 11-108 shows the
undesirable perform.Lice that was caused by a partial spray in-
jection pattern. Reagent consumption for this 170-sec test was
0.161 lb. Pressure control was within 4 to 5 psi during the ini-
tial 10% of the test due to the rapidly varying ullage gas tem-
perature, Combustion product molecular weight was 28.52. A
retest was made with a good 0.014-in. dia injector orifice. The
data, presented in Fig. 11-109, indicate a significant reduction
in reagent consumption and gas temperature. A comparison of the
ullage gas temperature profiles of identical tests is shown in
Fig. 11-110. Reagent consumption was 0.148 lb and maximum ullage
gas temperature 1530F for the 204-sec test. Tank pressure maximum
variation was 2 psi, decreasing to g psi later in the test. In
general, the performance of the oxidizer system was similar to
the fuel tank system with a somewhat lower operating temperature
and reagent consumption due to the high mole fraction of vaporized
main propellant. At higher operating pressures, however, the re-
agent consumption for oxidizer tank pressurization was higher than
the fuel tank due to the correspondingly lower mole fraction of
vaporized propellant.
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Subsequent oxidizer tank pressurization runs were made at
100 and 200 psia. The satisfactory performance of the 100-psia
test is shown in Fig. Il-ll1. Reagent consumption was 0.448 lb
for the 100-psia test of 200-sec duration. Pressure control was
within ±2 psi with a maximum ullage gas temperature of 302*F.
Combustion product molecular weight reported to be 29.9 for the
100 psia test compares with the 29.5 obtained in the 200 psia
test. Figure 11-112 presents the 200 psia test data. Maximum
ullage gas pressure variation was 10 psi with a 581'F maximum
temperature indicated. Reagent consumption was 0.655 lb for the
180 see opcraLion. Variations in propellant flow control for the
100 and 200 psia tests was due to facility mechanical difficulties,
while the temperature increase (TIT01) shown in Fig. 11-112 was

apparently due to the proximity of the combustion zone.

Performance Analysis - Results from the parametric test series
show that satisfactory performance was achieved with the MTI dual
injection pressurization system for operating pressures of 36 to
200 psia. There were negligible effects resulting from slosh or
vibration. Summarized data are presented in Table 11-16 for both
the dual injection and common ullage pressurization systems. All
of the data were accumulated with a 0.0135-in.-dia solid stream
injector orifice at a 75 psi injector differential pressure.

Table 11-16 Summary Phase I Parametric Data

Pressure Max Gas Reagent Gas Molecular Weight
Tank (psia) Temp (*F) Used (b) jComb Prod Ullage

Individual Tank Reagent Injection

Fuel 36 163 0.188 16.0 16.0

Oxidizer 36 154 0.151 29.5 36.53

Fuel 100 349 0.421 21.5* 21.5*

Oxidizer 100 300 0.448 29.87 35.79

Fuel 200 660 0.629 20.46 20.46

Oxidizer 200 580 0.665 29.54 35.30

Common Ullage Pressurization

Fuel 36 208 0.273 16.0 16.0

Oxidizer 36 67 23.75 30.63

Fuel 100 596 0.704 21.5 21.5

Oxidizer 100 89 28.0 32.8

*Based on common ullage test.
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The influence of tank pressure on pertinent operating parameters
is shown in Fig. 11-113 for the dual injection system. Although
the trends are representative of a particular system with a def-
inite size and heat capacity, several less desirable characteris-
tics are encountered at the higher operating pressures:

1) Ullage gas differential temperature increases propor-
tional to the tank pressure;

2) Fuel tank combustion product moe]cular weight appears
to increase with pressure;

3) Partial pressure of propellant vapor in the oxidizer
tank increases proportional to the operating pressure
(equivalent to approximately 30%).

The increase in ullage gas temperature with propellant tank opera-
ting pressure may not be a particular disadvantage in some systems
with stainless steel or titanium tankage, since tank wall tempera-
tures limits probably would not be exceeded and a lower gas density
would be achieved. Pressure control would, however, be more crit-
ical due to rapid temperature chanbs. The increase in combustion
product molecular weight (also shown in Fig. V-lI of Chap. V.B.)
is based on somewhat limited data but appears to be a definite
disadvantage for ambient-cooled space vehicles. For uncooled
systems, such as in booster applications or continuous-type mis-
sions, the high gas molecular weight is offset by the high opera-
ting temperature. This gives a lower gas density than might be
expected from the extrapolation of low pressure fuel tank data.
In the oxidizer tank, however, a significant increase in vaporized
propellant (due to combustion zone liquid heating) has a detri-
mental effect on total pressurant weight for all high pressure
applications even though a small decrease in reagent consumption
is realized. Fortunately, this increase in system weight is not
proportional to the operating pressure. A detailed presentation
of actual Phase I test results concerning oxidizer vaporization
is shown in Fig. V-12 of Chap. V.B.
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C. CHEMICAL ANALYSIS

Chemical analysis of Lhe propellants and combustion gases was
required for complete MTI pressurization system evaluation. Pro-
pellant specimens that were acquired before and after each test
were analyzed by the Martin Quality Control organization to assess
the extent of degradation experienced from the various injection
techniques. Available apparatus was not accurate enough to per-
form continuous combustion gas analysis, consequently propellants
were periodically sampled. The specimens acquired during each
test were subsequently analyzed by mass spectrometer at the Na-
tional Bureau of Standards in Boulder, Colorado. The gas composi-
tion and moleculor weight, reaction ratio, and extent of propellant
vapor saturation of the ullage were established by interpreting
the acquired data. Approximately 75 tests were made on the Phase
I system with 120 gas specimens analyzed. A good description of
MTI process gas has been established for both the dual injection
and common ullage systems with various injection techniques and
covering the 36 to 200 psia propellant tank pressure range. Pro-
pellants were analyzed on almost every run. Small changes in pro-
pellant composition were detected that resulted in a certain amount
of inconsistency. Consequently, the data were carefully examined
and the more certain effects are reported. Analytical investiga-
tions of the condensate formed in the fuel tank system were not
entirely successful due to the complex nature of the substance.
However, the quantity (less than 10%) is composed primarily of
UDMH and may be treated accordingly.

1. Gas Analysis

During the injector development three analytical techniques
were used to determine propellant tank ullage gas composition.
The most satisfactory method was mass spectrometer analysis. The
other methods included a gravimetric technique and an on-site gas
chromatograph. Periodic sampling during the tests verified actual
composition. The data were theoretically reduced from the actual
composition of the ullage gas to obtain the composition and quan-
tity of the combustion products. Since the research fixture pro-
pellant tank was initially pressurized with nitrogen containing
a small amount of vaporized propellant (less than 1%), the con-
tinuous gas bleed in the gas sampling system required development
of a small computer program (described in App A) to interpret the
test data, In subsequent tests helium was used for prepressuriza-
tion to permit a more accurate identification of the combustion
products. The established average molecular weight of the combus-
tion products was used to evaluate the performance and affects of
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a variety of mixing techniques. In addition, the actual composi-

tion of the fuel tank pressurant enabled the calculation of thermo-

dynamic properties and reactivity of the gas with nitrogen
tetroxide before initiation of the common ullage test series.
The analysis of the oxidizer tank pressurizing gas obtained from
both common ullage and direct fuel injection allowed a comparison
of aystem weight advantages by relating the pressurant-molecular
weights.

Analytical Techniques - The National Bureau of Standards,
Boulder, Colorado, performed the mass spectrometer gas analysis
for this Lest program. Although the method of obtaining the spec-
imens did not provide continuous analysis, the four samples taken
during each test did permit reaction process characteristics to
be determined. In addition to providing the gas composition ac-
curate to +200 parts per million the main propellant consumed and
molecular weight of the ullage gas was determined. The repetition
of this information sufficiently defines performance for the solid
stream surface Injection pressurization process so that various
mixing techniques can be compared.

A schematic of the gas sampling system is shown in Fig. 11-47.
The system is heated to the expected gas temperature range before

test initiation and evacuated to 10 microns. After 10 sec from
test start the sample valve is opened allowing gas to flow through
the lines, flow control orifice, manifold, and out the 2.5 psig
backpressure regulator, and 1/4 psig check valve to the atmosphere.

The specimens are obtained at 20, 60, 120, and 160 sec by opening
the stop cock on the evacuated sample bottle. It takes approxi-
mately 2 to 4 sec to fill each bottle. Sufficient time is avail-
able so that conditions can stabilize between each sample. The
last sample is taken approximately 10 sec after test tertination
to ensure actual final gas composition. The U.025-in. orifice
allows sufficient response for minimum sampling duration and keeps

pressurizing gas losses during overboard bleed to a minimum. The
total amount of gas lost from the system due to the overboard
bleed and gas specimen acquisition is approximately 4% of the

total mass of gas generated. After a constant combustion product
composition was verified, continuous bleed sampling was abondoned
and only final samples were taken. This technique involved bleed-

ing the final gas into an evacuated sample bottle. All of the
samples were analyzed within 48 hr of test termination. The stand-
ardized samples were reheated to the approximate test temperature

and the analysis performed.
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The on-slte gas chromatograph provided a qualitative means
for determining ullage gas composition on a test-to-test basis.

These data were used to tentatively assess the relative merits of
changes in MTI test parameters and the consistency of test results.
The gas samples were procured in the same manner as for the mass

spectrometer with the 0.051 ml sample gas density adjusted to am-
bient temperature and pressure before injection into the analyzer

by a syringe. The analyzer is standardized with air and a known

mixture of hydrogen and nitrogen before and after each series of

analyses to establish standard reference points and baseline
drift. Standardizing insures an accuracy of less than :1:2%. The
air standardization also provides a check of nitrogen sensitivity

and a basis for correcting for any air leaks, as indicated by the
presence of 02 in the sample. Helium is used as a carrier to

transport the sample and provide an output baseline. Sample gas
composition is determined by comparing the hydrogen and nitrogen
readouts to those obtained during standardization with the check
gas. The relative concentration of hydrogen detected in the gas

mixture provided approximate ullage gas weight information in the

development of desirable injection techniques.

A gravimetric analysis was initially performed on all speci-
mens procured for gas analysis by mass spectrometer and gas chrom-
atograph to determine the quantity of condensibles not identified
by the vapor phase analytical techniques. The average density of
the sample determined by this method was not sufficiently accurate
to support any valid conclusions. The 125 cc sample bottles were
precisely measured before being used to collect the ullage gas
specimens. The change in volume due to temperature changes was
considered. An analytical balance established the weight of the
empty and filled bottle to within 0.01%. Since the actual quantity
of gas collected weighed considerably less than the sample bottle,
the overall accuracy in gas density would amount to approximately
10%.

Results - From the actual composition of the gas obtained the
molecular weight can be determined. The data were further analyzed
to obtain combustion product molecular weight by using theoretical
techniques programed on the IBM 1620 computer. The ullage gas
dilution program (detailed in App ), computes the theoretical mole
fraction of pressurizing gas in the ullage as a function of time
based on the actual test temperature history and system operating
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characteristics for a particular combustion gas, Figure 11-114
shows the change in composition with gas bleed when the fuel tank
system is being pressurized with combustion products that have a
molecular weight of 13. Several values of combustion gas molecular
weight were selected with the corresponding ullage gas molecular

weight plotted for a typical test run in Fig. 11-115. Comparable
performance curves for the two-tank common ullage system are shown
in Fig. 11-1-16 thru 11-118 for helium prepressurization. The
molecular weight of the test specimens were plotted to show the
degree of correlation, which indicates the response of the sampling
system appears to be approximately 10 sec slow. If the curve is
shifted to aLlow for this condition, the test data almost matches
the theoretical curve for a combustion product molecular weight
of 13. The slight discrepancy in dilution rate is probably due
to a small error in the gas bleed calculation resulting from the
assumed orifice discharge coefficients and gas specific heat ratio.

Since nitrogen was used for prepressurIzation and the combus-

tion products also contain nitrogen, the actual molecular weight
of the combustion products cannot be determined directly from the
mass spectrometer analysis. For this reason helium prepressuriza-
tion was used in later tests, The total weight of gaseous com-
bustion products produced, however, was still computed by the

theoretical method due to the change in mixture composition with
gas bleed. Total weight of gaseous combustion products, in addi-

tion to the weight of condensible formed, is important to obtain
the amount of main propellant consumed in the reaction. Since
the quantity of reagent being reacted in the combustion process
is known, the main propellant consumed can be obtained from a mass

balance. From the difference in molecular weight of the vapor

determined by mass spectrometer and average molecular weight cal-
culated from a gravimetric analysis the resultant quantity of con-
densibles can be determined from Fig. 11-17. For the single tank
tests performed the average difference in ullage gas molecular
weight has been less than three, corresponding to an equivalent
weight of condensibles of less than 0.08 lb or approximately half

of that required for the material balance.
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Fig. 11-114 Ullage Gas Dilution for the Small Scale Single Tank System
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Fuel Tank System - A tabulation of fuel tank combustion prod-
uct composition is contained in Table 11-17, based on the 36 psia
injection system evaluation test series. Testing was performed
on the two-tank common ullage configuration with a water-filled
oxidizer tank. Gas sampling, was as described previously with
gas specimens acquired periodically by the heated constant bleed
system. A significant change in fuel tank ullage gas composition
was experienced by varying mixing techniques with the lowest gas
molecular weight obtained with the solid stream surface injection
process. Subsequent gas analysis performed on the fuel tank with
the solid stream surCacv reagent injector indicated an increase
in combustion produe(L molecular weight resulting from a change to
the evacuated boUtle no hlced sampling technique. The comparison
between the various injection techniques is believed valid. For
design purposes the gas composition and molecular weight indicated

in the parametric test portion of this section is recommended.
The inert prepressurizing gas and vaporized propellant data were
removed from all combustion product data. Since the quantity of
vaporized fuel was extremely small (mole fraction less than 1%)
the effect on ullage molecular weight was considered insignifi-
cant. The change in propellant vapor concentratt.L is shown in

Fig. 11-119 for several injection processes and theoretical con-
ditions.

Common Ullage System - Ullage gas composition and molecular
weight of the oxidizer tank pressurant is shown in Table 11-18

for various gas impingement techniques. The system configuration
is described in detail in Chap. II.B.2 with a combination of gas
sampling techniques used. A detailed analysis of the oxidizer

tank gas was achieved by periodic sampling through the constant
bleed system while only final gas specimens were obtained from
the fuel tank. Both combustion product molecular weight and ull-
age gas molecular weight on a helium-free basis is reported. A
detailed presentation of rate of saturation of the ullage with
oxidizer vapors is shown in Fig. 11-120 for two impingement tech-
niques and two hypothetical cases.

Although the common ullage system represents the MTI system
with the lowest oxidizer tank molecular weight, the system has
a tendency to random pressure surges and high temperatures for

the surface gas impingement technique. Subsurface gas impinge-
ment has been successfully demonstrated in several tests. How-
ever, ignition of hydrogen in the oxidizer tank ullage requires

careful system design. Gas specimen analysis before and after
an extreme pressure surge with an unsuccessful gas diffuser de-
sign showed almost complete elimination of the contained hydrogen.
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The reaction is set off by the heat released when gunk reacts
with oxidizer. Figure 11-121 shows a normal hydrogen profile in
the oxidizer tank as opposed to a run in which a violent pressure
surge was encountered. All other constituents showed a normal

increase during the run.

Table 11-17 M'T Fuel Tank Combustion Product CO('to ti LMon at 3t ,::1
Sll';at i ons in N?(O! Ili -ct i ... l ,1 ' l i lt-

"t,:calfar Weight

Injection Technique Combustion Products Analysis (Vol 7) CombIISLion Pronlct

OxidizrH Fuel Foolu Taak
Fuel Tank Tank 2  2  4  J N I O 2 Tank with Vapor

Surface Common 30.0 47.4 11.1 9.2 1.6 0.4 - 13.4 13.4
Solid Ullage

Surface Common 60.0 11.8 18.d 3.4 3.1 3.0 - 22.9 22.9
Spray Ullage

Subsurface Common 28.1 41.3 10.1 4.9 1.0 0.4 14.5 15.6 15.6
Solid Ullage

Subsurface Common 35.8 37.5 13.0 3.4 1.0 0.2 9.5 16.4 16.4

Spray Ullage
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Oxidizer Tank System - A detailed investigation of the influ-
ence of injection technique on the products of reaction was not
made for the oxidizer tank because of the experience gained from
the fuel tank injection system evaluation test program. However,
Table 11-19 shows available semispray surface injection data to
compare solid stream surface fuel injection process and common
ullage subsurface gas impingement. High gas temperatures were
encountercl with the surface spray fuel injection system due to
a lack of penetration of the oxidizer. However, the combustion
gas composition was not appreciably affected. A lower ullage
molecular weight is obtained with the surface spray injection when
compared to the solid stream injection because of the decrease in
nonreacted vaporized propellant. A comparison with the common
ullage data indicates a slightly higher gas molecular weight is
obtained by direct fuel injection. The lower combustion product
molecular weight realized with the common ullage system resulted
from the increased quantity of unburned hydrogen in the oxidizer
ullage with somewhat less carbon dioxide present. Propellant
vapor ullage saturation profiles are shown in Fig. 11-122 with
comparisons of two theoretical possibilities.

'fable TI-19 MT1 Oxid ixer Tank CombustLion Products s omposit lon
at 36 psiLn for V.r'iotluo Pr ssL-u [ ; t I n " l' h qtes

Molecular Weight

Injection Technique Combustion Producta Analysis (Vol 7.) Combustian Product

Oxidizer T'H2 OC4  W13 NO CO oxidizer Oxidizer Tank

Fuel Tank Tank 2 a CC 112 02 Tank with Vapor

N/A Surfnce 59.8 3.5 0.6 1.4 11.4 8.4 15.0 28.45 34.77
Spray

N/A Surfacv 58.6 1.9 1.0 - 17.9 14.1 6.7 29.11 38.52
Solid

N/A Subsur- 59.9 19.4 5.8 4.4 2.5 8.1 23.04 30.5
face Gas

Parametric Tests - A summary of MTI pressurization system per-
formance at pressures of 36, 100, and 200 psia is contained in
Table 11-20 for both the direct injection and the common ullage
process. The gas composition data were based on specimens acquired
at test termination by the evacuated bottle sampling technique. A
solid stream surface reagent injection process was used for the
direct injection system with a subsurface gas diffuser used to
pressurize the oxidizer tank by the common ullage technique. Fuel
tank pressurization resulted in a distinct increase in combustion
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product molecular weight at the higher pressures due to a 50%. re-
duction in hydrogen concentration. The slight discrepancy between
the 100- and 200-psia test data appears to be within the accuracy
of the analytical technique and does not necessarily indicate a
change in molecular weight between 100 and 200 psia. The absence
of ammonia and UDMH in the gas analysis was contrary to initial
data and later results of the full-scale demonstration system.
However, the increase in combustion product molecular weight is
believed valid (shown in rig. V-1 along with the oxidizer tank
gas for the direct in-jection and commoon ullage system) .Although
thc combustion product molecular weight in the oxidizer tank is
relatively insensitive to increases in ullage pressure for the
direct injection system, propellant vaporization increased notice-
ably due to the greater heat input to the liquid in the area of
the combustion zone. The change in mole fraction of oxidizer
vapor in the tank ullage is shown in Fig. V-2 as a function of
operating pressure for direct fuel injection. Figure 11-113 shows
the equivalent vapor pressure of the liquid. The bulk temperature
of the liquid was considerably less than indicated by the high
vapor pressure of the liquid. Local heating from the combustion
zone is apparently responsible for this condition and could pos-
sibly be reduced by multiple or combination injectors in large
capacity systems.

Table 11-20 MT1 CoMhUStiun PrOduct Compos~tion Parametric Data

lnjotoo(~o~nqbuCsbot on Pr,,docts Analysis (Vol 1)Con-b-ti.n Plod.,t

Oo",C H2j~ so C I0 02 Fuel GOldl1oer OxLdlttr 7onk
pool Took TCok 2 r.3 (0 2 C Ton Tooke oi it Vapor

Surf-c. HI/ 4.,3 30,3 14.9 - 1.2 0.2 - 6.02 S/A MIA

(36 PolA)

Sooface M/A 5o5.0 18.b 18.) 2.7 2.3 0.2 3.0 21.5 M/A MIA

(100 P-Wo

lorfoce MIA 51.1 19.7 20.5 1.7 3.6 1.2 - 0.0 0.9 20.45b H/A 74IA
Solid
(200 pSI.)J

Oo.lloc Took

MIA Soo1,ao1 98.6 1.9 1.0 t 7.9 16.1 6.7 H/A 29,11 35.92

(30 Pato)I

I/A a ..... 63.1 11 11 . (2 6.0 17.9 M/A 28.87 35.79
SolidI
((00 Palo)I

8/A or(&" 65.8 %7 0.8 0.8 11.3 3 .2 16.1 S/A 29.54 35.30

Solidoo

Solid,, Tanok (Coo Wa2.ge .

(36 p.lo) Ullage)

Srae Sb rt e66.4 3.1 1.1 .7. 1 2.7 21.9 21.% 26.0 327

So lid (Coi-
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2, Propellant Analysis

The propellant analysis can also furnish considerable infor-
mation to determine MTI pressurization system process characteris-
tics. Particular emphasis has been on securing data for heat
transfer analysis and to determine condensed products of reaction
to establish a material balance. Determining propellant degrada-
tion was considered primarily to evaluate pressurization system
performance. The effects on rocket engine specific impulse are
also needed. Engine performance was considered to establish the
method of securing propellant samples. The extent of propellant
contamination for the 2.5 min tests was so small that the effect
on rocket engine performance was negligible.

Immediately before each test, a propellant specimen is taken
from the main propellant tank discharge port and sealed in a bot-
tle. The final sample is acquired in the same manner from the
residual 0.42 cu ft remaining in the bottom of the propellant
tank at the end of the run. From a chromatograph analysis of
the specimen, the increase in water content of the fuel attri-
buted to the WTI reaction process can be determined from a chro-
matograph analysis of the specimen. Changes in composition were
determined by wet chemistry techniques. Oxidizer specimens are
analyzed for water only by either a thermal conductivity or acid-
ity test. The analysis of the contaminated propellants is assumed
to be representative of the maximum concentration of contaminants
that a rocket engine would be subjected to during actual operation
with an MTI pressurization system. When an average percent in-
crease in water content was desired to establish approximate quan-

tities contained, the propellant was mixed before acquiring the
final specimen. After nine tests on the fuel with a surface rea-
gent injection process and 3.6 psia tank pressure the following
composition was noted:

Actual Specification

N2R4  54.52% 51.0 ± 0.8%

UDHIH 43.75% 47.0% (min)

H20 1.727. 1.8% (max)

Similarly, the oxidizer contamination showed 1.9% water after
14 common ullage tests (0.27. max specification). No measurement
of propellant contamination due to higher operating pressures was
made; however, the extent of degradation is expected to be propor-
tional to the reagent consumption.
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Analytical Technique - Propellant analysis for the MTI pro-
gram was performed in the Martin Chemical Laboratories by Quality
Control personnel. Specimens were acquired before and after each
test from the discharge port of each tank. The final specimen
represented the condition of the propellant that would enter the
engine just before burnout. Specimens were also obtained by re-

cycling the propellant at the end of the test to obtain the aver-
age change in propellant composition or contamination. Based on
this analysis, the absolute quantity of water generated was iden-
tified and included in a material balance of the reaction process.
Separate techniques were used on the fuel and oxidizer. They are
explained generally in the following paragraphs, with a brief de-
scription of the improved technique used in some of the laboratory
work.

Fuel composition was determined by two wet chemistry tech-
niques. The first methud used was a total alkalinity method
combined with an oxidation-reduction method. Alkalinity was
determined by a color indicator from a titration of perchloric
acid solution in a sample prepared in glacial acetic acid. The
oxidation-reduction method involved the potentiometric determina-
tion of the electrical conductivity of the specimen reacted with
a normal solution of potassium iodate (KIO 3 ). From the alkalinity

and electrical conductivity, the ratio of hydrazine to UDMH could
be determined. Fuel compostion was also determined by the new
specification acetylation method (Martin specification
8021310000), permitting a 60% reduction in laboratory time per
specimen with an accuracy of 0.111/. This method used the titra-
tion of an acetic anhydride solution in the specimen prepared in
glacial acetic acid.

Due to the extent of the acetylene reaction of the hydrazines,
color indications, were noted, giving a direct correlation with
the actual concentrations of each of the two constituents. Water
content was determined directly from the diffusion and thermal
conductivity of the material by a Beckman GC-2 chromatograph,
From the results of the two investigations, the total assay was
assured with an accuracy of more than 98%.

The nitrogen tetroxide was analyzed for water content only by
two methods. The predominant method used was a Martin technique
involving the determination of electrical conductivity. A
specially designed stainless steel resistance cell unit was used
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in conjunction with a Wheatstone bridge. This apparatus was
calibrated constantly against the specification method to assure
system accuracy. The second method was the standard specification
method (Martin specification 8021310000) using the Haberman bulb
to determine the concentration of nitric acid in the specimen by
an evaporation process.

Results - Table U1-21 presents data acquired from an analysis
of the fuel used in the two-tank tests with a water-filled sec-
ondary tank. Although the fuel was not within specification re-
quirements because it had been used several times, no significant
effect on pressurization system performance was detected in sub-
sequent tests. Table 11-22 presents comparable propell:mt anal-
ysis performed on a series of 150-sec tests with solid-stream
surface injection in the primary tank and common ullage pressur-
ization of the oxidizer-filled secondary tank. The corresponding
change in water concentration in the oxidizer was included for
the subsurface gas impingement process. No significant change

occurred in the oxidizer with the surface gas impingement system.

From the tabulated data, it was apparent that some decrease
in UDMH, the more volatile constituent of the 50/50 fuel blend,
resulted from the pressurization process; the amount being a
function of the type of reagent injection. The increase in hydra-
zine content was only relative, and does not indicate any addi-

tional formation. The change in water concentration, however, did
show an actual increase that was caused by the injection technique.

From the theoretical studies performed on the reaction process,
the increase in water formation would indicate a more oxidizer-
rich reaction. This theory was substantiated by the significant

increase of water in the fuel tank for the surface spray injection
test and high-ullage gas molecular weight characteristic of an
oxidizer-rich reaction. The unknowns detected in the
fuel were believed to be condensibles generated by the reaction
process that were also observed in the pressurization system. A
positive identification of the material was not established, but
the fluid was similar to a reddish light oil with a density of
68.5 lb/cu ft, and was hypergolic with nitrogen tetroxide.

The average 0.3% increase in water content of the fuel and
oxidizer during the 150-sec test was not considered excessive,
but will require further investigation to determine the effect on
rocket engine performance. A significant reduction in water con-

centration occurred when the propellant was mixed, giving an

indication of the actual amount of water formed. The theoretical
maximum water content in each propellant is shown in Fig. 11-123

as a function of quantity of reagent injected. Since an insig-
nificant quantity of hydrogen compounds were detected in the ox-
idizer tank ullage gas analysis with an absence of gunk, the
theoretical water concentration is believed to be representative
of the actual condition although no measurement was made for the
direct fuel injection process.
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Table 11-21 Propellant Analysis for Two-Tank Test
with Water-Filled Second Tank

Type Test Condition UDMH (%) N2H4 M H20 () Unknown (M)

Surface Solid Before 46.1 52.0 0.55 1.35
After 44.8 52.9 0.95 1.55

Surface Spray Before 44.3 53.5 0.79 0.41
After 40.6 53.6 2.37 3.43

Subsurface Solid Before 45.1 52.7 0.90 1.3
After 43.9 53.4 1.19 1.51

Subsurface Spray Before 45.5 52.9 0.79 0.81
After 44.4 53.5 1.04 1.06

Table 11-22 Typical Propellant Analysis for Two-Tank Test Series
with Oxidizer-Filled Second Tank

Fuel Oxidizer
Type Test Condition UDM{ () N2H4 () R2 0 () Unknown (M) H2 0 (M)

(Unmixed Propellant)
(P) Solid Stream Before 48.4 50.9 0.31 0.39 0.10
(S) Subsurface After 48.1 50.3 0.63 0.97 0.47

(Mixed Propellant)
(P) Solid Stream Before 45.3 53.1 0.32 1.01 0.27
() Subsurface After 44.5 53.4 0.53 1.20 0.37

Note: (P) Primary Tank (fuel); (S) Secondary Tank (oxidizer)
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Fig. 11-123 Theoretical Maximum Water Concentration in the Fuel
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The average increase in water concentration of approximately

0.45% in the oxidizer was noted in the restart tests, where an
explosion had occurred. This fact appears to support the con-

clusion that a hydrogen-oxygen reaction, triggered by a hypergolic
reaction with condensed fluids carried in the cross-flow gas,
caused the additional water formation. In addition to the chemical
changes to the propellants noted, an analysis of the fuel specimen
after one test showed a negligible change in specific gravity
and viscosity. For the fuel specimen obtained after one of the
tests with an oxidizer-filled second tank, the specific gravity

changed from 0.8987 to 0.9064, and viscosity increased from
0.96 to 0.98 centistokes (equivalent to a 4°F temperature change).
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Several factors connected with the propellant and combustion
process apparently aid the mixing of the contaminated and uncon-
taminated fuel. Although the fuel is infinitely soluble in water,
the increased density of the fuel near the surface with the solid
stream surface injection process or from ullage gas condensation
will tend to sink to the bottom of the tank. At the same time,
heavier products of combustion at a higher temperature will like-
wise cause a certain amount of turbulence in the propellant due
to natural convection. The actual amount of temperature stratifi-
cation in the propellant occurring during a test can be seen from
Fig. 11-123, which shows he temperature in the discharge line.
The 15°F propellant ileuperturu i rise noted for the solid stream
surface injection process is also representative of the average

bulk temperature of the 0.42 ft 3 residual and has been used in
heat balance studies. A slight decrease in temperature noticed
earlier in the test program has never been satisfactorily explained
but appears to have been due to an instrumentation problem in view
of the consistent additional data accumulated,

In general the condition of the fuel after each test was good
with no evidence of undissolved reaction by-products. A slight
discoloration of the fuel was noticeable after each test probably
due to the solubility of condensed reaction products. After a
maximum of five full duration tests was performed on one load
of fuel the only evidence of contamination was the light yellow
color of the fuel. After five full-duration tests with direct
fuel injection into the oxidizer tank, the propellant was begin-
ning to darken slightly from the amount of entrained water.

3. Condensate Analysis

A viscous reddish brown liquid (gunk) was observed in the com-
mon ullage line during the initial MTI fuel tank pressurization
tests. The gunk caused considerable interest due to propellant
contamination and later because of the severe reactions encountered
in the oxidizer tank. A brief investigation showed the substance
to be hypergolic with N204 and hypergolic to a lesser extent with

a variety of other elements. Since the gunk reaction detonated
the hydrogen in the common ullage oxidizer tank pressurization
tests, the composition of the material and reactive characteris-
tics were investigated. The first investigations by wet chemistry
qualitative methods indicated the gunk was similar to hydrogen
nitrate. When the liquid specimen evaporated, an X-ray diffrac-
tion was performed on the residue at the Denver Research Institute.
The substance was found not to be crystalline, consequently, iden-
tification was impossible by this technique. Subsequent gunk
specimens were procured by a vortex separator in the common ull-
age line to obtain larger quantities for investigation of reaction
characteristics. Since the gunk apparently exists in both the
liquid and gaseous phase, an attempt was made to separate the

substance by condensation. This metnod was moderately successful.
although the ice-cooled common ullage line configuration was con-
sidered impractical for future system application.
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Various physical and chemical methods were attempted t. remove
the gunk from the pressurizing gas generated in the fuel tank.
Traps containing oxidizing agents were provided in the common ull-

age line to break down the gunk into H2Y N2) NO2 H 20 , and other

substances nonhypergolic with nitrogen tetroxide. A more detailed
description of the laboratory experiment with Cr0 3, Drierite,

Zeolite, KMn04$ silica gel, activated charcoal, and firebrick is

contained in Sec A of this chapter. A glass wool filter was
used in all tests that involved combinations (f the above mte-
rials. The basic idea was to either absorb or react all the po-
tential hypergolic constituents. In gencral the absorbent
ingredients of the filter were fairly successful in eliminating
liquids of the two-phase fluid. However, the reactants were only

moderately successful in reducing the reactive vapors. Catalytic-
type powdered molybdenum and copper oxide wool filters were also
unsuccessful in decomposing the vapor phase hypergols.

The liquid condensate was further investigated because of the
partial success obtained with the common ullage reactive filter.
A fairly comprehensive analysis of the condensate in the vapor
phase was obtained by mass spectrometer analysis at the National
Bureau of Standards at Boulder, Colorado. Primary constituents
were UDMH and a large amount of the NH3 radical with smaller
quantities of CH 3, NO2, and CO2.

The gunk was consequently identified as consisting of 50% UDMH
and NH3 remaining in a partial vapor phase at nominal MTI system

operating temperatures (150 to 3000F). The equivalent change in
ullage gas molecular weight is shown in Fig. 11-125 as a function
of vaporized gunk. In addition, the gunk density was 68.5 lb/cu
ft with a pH of 10.5 in a water solution, measured by the Beckman
pH meter. Subsequent infrared analysis of the condensate minus
the UDMH portion was also performed. The results of this investi-
gation indicated the presence of a polymer of x many members with
a basic monomeric structure similar to the one shown below:

0
NN - - C - CNNIN

N-N "N-N

H H
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Along the polymer chain it was indicated that NO 2 groups

existed and the polymer probably ended in a carboxyl group (COOH).
The presence of the polymer indicates a free radical mechanism
taking place in the formation of the gunk. Consequently, the
exact nature of the polymer cannot be predicted since it probably
differs in structure with each reaction. Further attempts to
eliminate tLe gunk in the common ullage application were abandoned,
A successful subsurface gas impingement technique was developed
that consumed the reactive material hefore it reached the hydro-
gen pressurized oxidizer tank tillage.

D. CONCLUSIONS

As a result of the Phase I research program a definite region
of application was established for the MTI pressurization system
in future liquid fueled vehicles. Subsequent examination of the
reaction process has verified adequate pressure control with satis-
factory performance for full-scale system demonstration although
additional effort is required to identify reaction kinetics and
influence parameters. The results of this program have provided
pertinent design information for the full-scale system, based on
a dual solid stream surface injection pressurization process.
Some of the more significant results of both the analytical and
experimental programs are described in detail in this section.

1. Engineering Studies

i) The 2,000-gal. Phase III demonstration test article
is well within the range of desirable low-pressure
MTI system applications.

2) A 35 * 1 psia propellant tank pressure will satisfy
the propellant feed requirements of booster vehicles
that can be used with small-scale system parametric
performance to provide theoretical data for low-
pressure space vehicles (100 to 200 psia).

3) The development of an on-off constant flow injection
system was required, not only for control of the re-
action kinetics, but to provide adequate pressure
control for variable thrust-restart type missions.
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4) Maximum system operating temperatures will be deter-
mined by tank material considerations, rather than
propellant temperature limitations. However, in-

creased oxidizer temperatures will have to be com-
pensated by higher tank pressures for turboplimp
pressurized propulsion systeris.

5) For a noncooling process, such as booster or continu-
ous mission, the reaction mixture ratio and conse-
quently combustion product molecular weight will have
only a snmall effect oil pressurization system weight
because of the low pressurant density resulting from
the high operating temperature.

6) Initiation of the pressurization process in the fuel
tank of a common ullage system is desirable from both

a weight and design point of view.

7) A fuel-rich reaction is desired not only for tempera-
ture control, but also for low system weight of space
vehicles in environmentally cooled operations, due to
the lower gas molecular weight realized.

8) For environment cooling missions, a stored helium
system with heat added to cancel the cooling from gas
expansion is lighter than an MTI system with a gas
molecular weight greater than 15.

9) For booster and sustaining vehicle applications, the
MTI pressurization system is lighter than the stored
gas system.

10) The MT pressurization system is slightly lighter than
the gas generator system for all vehicle sizes and
applications; however, versatility is its main advan-
tage.

11) An MTI pressurization system may be applicable to a

variety of propellant combinations in addition to the
storeable type specifically investigated.

12) The principle advantage of the MTI pressurization tech-
nique is the high-density low-pressure storage of the
reagents and capability for generation of a low-density
pressurant without the aid of a heat exchanger.
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2. Experimental Testing

1) Smooth combustion and moderate system pressure rise
rates are possible with a common ullage or dual rea-
gent injection pressurization system at pressures up

to 200 psia.

2) The direct reagent injection reaction process can be
significantly affected by the mixing technique in the
fuel tank, and t. a lesser extent in the oxidizer tank.

3) By careful system design, secondary reactions occurring
when fuel-rich combustion products are introduced into
the oxidizer by a subsurface gas diffuser in a common
ullage configuration, can be controlled sufficiently
for satisfactory pressurization.

4) Check valves have been satisfactory in preventing
propellant vapor reactions in a common ullage system,
However, a more positive isolation valve with differ-
ential pressure switch control may be desired in
larger systems.

5) Propellant heating does not appear to be a significant
problem, although, for high-pressure applications a
considerable amount of oxidizer is vaporized with
direct fuel injection due to local heating in the com-
bustion zone. The slight increase in vapor pressure
with a low-pressure system may require higher operating
pressures to supply the necessary NPSH of a turbopump
pressurized propulsion system.

6) Although combustion was not sustained in the dual in-
jection system when injection was terminated, the
common ullage system experienced some additional re-
action of a small magnitude in the gas cross flow
line.

7) Propellant tank pressure control can be maintained
within close tolerance by a MTI pulse injector system.

8) The direct injection process generated combustion
gases with a molecular weight of 16 in the fuel tank

and 29.5 in the oxidizer tank (23.75 for common ullage
pressurization of the oxidizer tank) without a signifi-
cant change for the 150-sec test duration.
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9) Precise solid stream surface reagent injection is
required to obtain sufficient heat transfer to the
propellants for providing an acceptable ullage gas

and propellant tank wall tempetature.

10) The heat of combustion, primarily dissipated in the

fuel, did not significantly increase the quantity of
propellant vapois in the ullage at low pressures.

At high pressure (200 psia) a significant increase
in oxidizer vaporization was experienced.

11) For a common ulliage pressurization system, the reac-
tivity of the MTI combustion gas would be significantly
lower than for a gas generator system due to a 60%
reduction in ammonia and more complete combustion.

12) Propellant contamination resulting from the dual in-
jection process has been less than 0,5% in either the
fuel or oxidizer tank.

13) Reagent consumption was approximately 50% higher than
predicted for the small-scale dual injection system
because of the amount of condensibles formed. Ap-
proximately 2.5 lb of gas was formed per pound of
reagent.

14) The reaction mixture ratio, established from a theoret-
ical material balance, was 0.63 in the fuel tank and
2.3 in the oxidizer tank for the small-scale system
with direct injection.

15) The reaction mixture ratio was independent of operating
pressure although an apparant increase in combustion
product molecular weight was experienced in the fuel
tank at higher operating pressures.

16) Reagent consumption did not appear to be affected by
orifice size.

17) The surface area of the combustion zone appears to be
directly proportional to the injector orifice area.

18) Condensate generated only in the fuel tank appears to
be primarily UDMH and represents less than 10% of the

total combustion products.
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19) Penetration of the liquid propellant by the combus-
tion process with solid stream injection is limited
only by injection duration or physical boundaries of
the tankage.

20) Injection velocity will be limited based on a (200
psi) maximum differential pressure to achieve a good
solid stream without any atomization.

21) Liquid propellant agitation or distance from the sur-
face solid stream injector did not have any signifi-
cant effect on pressure control or the reaction
process in the 26-in. dia spherical test tank.
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II1. PHASE II PROGRAM

The second phase of the MTI pressurization system develop-
ment program was concerned with the design of a 279-cu ft test
article for ground demonstration of the 36 psia dual reagent in-
jection pressurization system. This article evolved from small-
scale research testing. The experimental test data were analyzed
to investigate the effects of heat transfer and establish a mass
balance for the MTI process when used in a full-scale flight weight
system. From the reaction characteristics observed during the
small-scale test program and subsequent analytical investigations
of system thermodynamics, two MTI mathematical models were formu-
lated. One model was programed on the IBM 7094, and one model
was an abbreviated version on the IBM 1620. Based on the theo-
retical predictions of full-scale system performance, a design
criteria document was generated to aid in the detailed design
and fabrication of the prototype MTI demonstration system.

A. THEORETICAL STUDIES

In addition to the ullage gas dilution computer program de-
scribed for Phase I test data interpretation and the IBM 1620
single tank mathematical model formulated for early studies of
expected system performance, several detailed theoretical analy-
ses were also performed. These analyses investigate heat and
mass transfer relationships encountered in the MTI pressurization
process. Since a purely theoretical prediction of the reaction
kin etici was not possible because of the complex nature of the
reaction phenomena, empirical relationships based on the experi-
mental data were established. Film coefficients used in the heat
transfer analysis of the Phase I system were later employed in
the analysis of the Phase I system with appropriate scaling
factors considered. The material balance performed on the Phase
I system was established from an analysis of the actual products
of reaction. Due to the complex nature of the fuel tank MTI pro-
cess, reaction mixture ratio influence parameters will require
additional investigation. However, relationships have been es-
tablished for the Phase I and Phase II systems. Both the dual
injection and common ullage configurations were analyzed and de-
signed. Current test philosophy permitted testing of the small-
scale system only.
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1. Heat Balance

The heat transfer investigation, based primarily on the small-
scale system experimental program, provides a comprehensive de-
scription of various MTI process thermodynamic characteristics
so that full-scale system design can be verified. A description
of the quantitative examination of the time variant ullage gas
thermodynamics for the small-scale system was established based
on average system properties to allow rapid noncomputer type calcu-
lations. From the evaluation of the film coefficients obtained
in the small-scale system, estimaLed values for the full-scale
system were computed based on known thermodynamic relationships
concerning pressurant gas demand. In view of the lack of corre-
lation with theoretical relationships for the fuel tank pressuri-
zation film coefficients, cuinparable empirical values for the
oxidizer tank were obtained by parametric computer runs. Spacifi-
cally, heat transfer coefficients between the pressurant and tank
wall and the liquid surface were established with combustion
temperature and apparent reaction mixture ratio determined from
a chemical analysis. These results, tabulated in Table 111-1
for the injection system development test series show:

1) Free convection theory requires adjustment for fuel
tank heat transfer because of mass transfer and forced
convection effect resulting from the subsurface com-
bustion zone;

2) Conventional free convection heat transfer theory
can be used for predicting heat transfer within the
oxidizer tank for the common ullage system in the
absence of secondary chemical reactions;

3) Subsurface gas impingement with secondary reactions
in the oxidizer tank results in sufficient cooling
to minimize the ullage gas temperature increase.

Application of these results to a flight-weight MTI pressuri-
zation system (Phase 111) was made. The analysis for the pre-
dication of salient system performance parameters is described
later in this section. The Phase III system was analysed for
common ullage and with single propellant tank expulsions. Pre-
dicted performance results for both conditions are shown in
Table 111-2.
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Wall temperatures of 367*F were estimated for the dual tank
expulsion, with a full load of water in the secondary tank. To
test tank wall thermal protection could be achieved by 1/8-in.
Foam-Sil internal insulation or equivalent. A reduction in pres-
surization requirements with live oxidizer would eliminate the
necessity for insulation, due to the lower primary tank wall
temperatures expected. This configuration was not tested, however,
to due safety conditions.

Table I11-1 Phase I Research Test Tank Correlation of Ullage
Gas Thermodynamics, Twin Tank Expulsion (Water
in Oxidizer Tank)

Fuel Oxidizer

Molecular Weight Combustion Products 13.4

Inert Gas Weight (lbM) 0.0486 0.0077

Final Gas Weight (lbm) 0.31 0.311

Condensed Moisture (lbm) 0.29

Reagent Used (lbm) 0.412 Total

Wall Film Coefficient (BtuAhr ft2 'R) 18 1.66

(Free Convection Film Coeffiei...L)

(Btu/hr ft "R) 3.23 1.59

Liquid Surface Film Coefficient

(Btu/hr ft 2 .) 104.5 1.41

(Free Convection Film Coefficient)

(Btu/hr ft2 *R) 3.73 1.35
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Phase I System Thermodynamic Characteristics - Due to the
nature of the combustion reaction, the use of free convection
formulas proved unsatisfactory in determining primary tank wall
temperatures. The gas generated from combustion appeared to
sweep outward against the ullage wall surfaces, introducing
some degree of forced convection. This was evidenced in films
of the combustion process, where light-colored gases were seen
rising above the liquid surface. In addition, the solid strcam
surface injection technique actually penetrated the liquid sur-
face, resulting in combustion beneath the liquid surface and heat
and mass transfer caused by the increased turbulence.

To determine the effective heat transfer coefficients, at the
wall and across the bulk liquid surface, several test runs using
the research-type spherical tanks were examined. A model diagram
of a typical arrangement is shown in Fig. 11-47. The general
energy equation applied to the ullage gas in either tank is:

change of internal energy w net enthalpy of added pressurant*,
less heat losst, less flow work,
less enthalpy of any bleed flow.

Fuel Tank - The amount of heat transferred from the pressurant
(excluding heat from mass transfer) can be determined from the
general equation that reduces tu this form when test measurements
are used. The combustion temperature, T., was carried as a vari-

able, since no adequate measurements were made:

Q - C1T0 - 02, .111-l2

where,

C1 and C2 were derived from test measurements. The total

heat transferred, including the heat from mass transfer, was
computed directly by determining the change of thermal capacity
of the tank wall and the bulk liquid. That is,

Q + QM-tw CE t, ECA-2]

*This term excludes the enthalpy of condensed pressurant.
tThis term excludes the heat liberated by condensed pres-

surant.
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where,

QM is the heat gain from mass transfer,

W is the mass exposed to heat transfer,

At is the temperature change.

Furthermore, when mass transfer is identified, the heat from
this source is expressed by,

QM. f(T. W.), [111-31

where,

W is the mass involved in mass transfer,

Ts is the saturation temperature.

Assigning test measured values, Eq [111-1] and (111-21 were

plotted as a function of Tc (Fig. 1ll-1) for a typical run.

Chemical analysis of the bulk propellant to determine the amount
of stream condensed was found inconclusive. This value was es-
timated on the basis of the maximum possible amount of steam
generated, limited by the number of oxygen atoms available. As
shown in Fig. 111-1, 93k7. of maximum available moisture was con-
sidered condensed. This high degree of condensation probably can
be expected because of the subsurface combustion. Equations
[I11-1] and [111-2] intersect, indicating an estimated combustion
temperature of 2540"F. More important, the actual heat transfer
rate was found to be greater than that expressed by the free con-
vection formula by an overall factor of 6.33 to 1 (28 to I for
the liquid side and 5.5 to 1 for the wall side).

The greatly accelerated rate for the liquid side was influ-
enced primarily by the mass transfer and the sloshing liquid-
level surface. Undoubtedly, the relative absence of mass transfer
(condensation) at the tank walls resulted in a lower deviation
at the wall surface, although the presence of forced convection
affected this value.
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Oxidizer Tank - The treatment of the common ullage oxidizer
tank was less complex, since the temperature of the inlet pres-
surant was known, and an inert-nonvolatile propellant was used.
Consequently, the general energy equation, Eq [III-1], reduced
to the following form:

Q-c 1 -C 2. [11-41

Unlike the fuel tank, temperatures in the oxidizer tank were
relatively cool because of the method of gas pressurant injection.
Therefore, the temperature gain of the tank wall and bulk liquid
was difficult to accurately identify, and the thermal capacity
change of the system could not be measured. Consequently, the
heat transferred must be calculated directly by Fourier's law
for heat transfer, i.e.,

Q - [ E(hA6T)wall + E (hA6)liquid]- (111-5]

where,

h a coefficient of heat transfer,

A - heat transfer surface,

&T - temperature gradient,

- time of operation.

In the absence of any secondary chemical reaction in the
oxidizer tank, the heat transferred expressed by Eq [I1-41 and
[I11-51 must be equal. Substituting free convection film coef-
ficents into Eq [111-51 resulted in an agreement within 10% of
the value given by Eq EIII-4]. Thus, the validity of the free
convection formula is confirmed.

Theoretical Reaction Mixture Ratio - The overall process mix-
ture ratio for the fuel tank wan determined from the following
equation:

W oxidizer o Wlidier

fuel tat inert a oxidizr

M_1-8
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where,

Wioxidier is a test measured value,

Wto t and Winert are determined from equation of state,

Ws, the agacunt condensed, is estimated at 70% of the
oxidizer used.

The amount of fuel vaporized was found to be insignificant
and was not included in this analysis.

Phase III System Thermodynamic Characteristics - The flight-
weight full-scale MTI pressurization system was examined with
tank configuration assumed spherical, with an equivalent diameter
of 8 ft approximately, or 3.69 times larger than the research
test tank. Since injection parameters were also correspondingly
increased (3 to 5 times larger), dynamic similarity was presumed.
For this application, paramount importance was placed on the pre-
diction of the maximum tank wall temperatures and the other system
performance parameters to insure that excessive wall temperatures
were avoided.

The first step in this computation involved the solution of
the heat balance across the tank wall. Since condensation at
the wall was assumed negligible, the net heat transferred from
the gas to the wall was the sum of:

1) Heat retained by the wall;

2) Heat flow to the ambient;

3) Heat flow via conduction to the wall exposed to
liquid propellant.

Simplifying this computation by assuming initial ambient
conditions for tank wall and propellant, a linear history of gas
and wall temperatures, and a negligible temperature gradient with-
in the nonwetted tank wall (axially and longitudinally), the ex-
pression for the wall temperature use became:

111-9
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wall temperature rise ,sa. temperature rise) i m)
" + 1 + hdU (111-6]

where,

U and h are heat transfer coefficients (internal and

external, respectively),

p and ai are constants being a function of the wall ma-

terial, surface length, cross section areas and perimeter,
and exposure time.

Equation [1II-6] was solved for the uninsulated wall, and the
results are presented in Fig. 111-2. In the event the final gas
temperature becomes very high, 1/6 in. of Poam-Sil or equivalent
insulation will readily limit the wall temperature. For compari-
son, the uninsulated research fixture was relatively cool due to
the 5/8-in. walls.

The second step required estimating the temperature change
in the wall and bulk liquid as a function of heat transferred.
This was desired to obtain a reasonable estimate of temperature
gradient from which to calculate the actual heat transferred.
For this reason, a simplified analytical model in the tank wall
and the bulk liquid was used. In either case, the net heat ab-
sorbed was calculated from:

W cp dT - heat rejected, [111-7]

0

where,

W - exposed Maes 1 (+ for tank wall)
--ti (- for liquid),

Cp a specific heat of mass,

T T iitial + .()

dT i d-r,

T time of operation.
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Since linear change of temperature was assumed,

T - Tfinl - Tinitial/ .

Solution of Eq [II-7] gave the following equation for the tem-
perature change, when the heat rejected was assumed negligible:

Figure 111-3 shows the final temperature of the bulk propellant
(50/50 blend of UDMH and N2H 4) and the tank wall (0.075-in.

average thickness of aluminum) as a function of heat transferred.

The final step in the calculation of fuel tank ullage thermo-
dynamics relates to the solution of the general energy equation.
Since single- and twin-tank expulsions were tested, both condi-
tions were examined.

Estimated values were substituted in the general energy equa-
tion, and then simplified, resulting in the following expression
for the sensible heat that must be transferred from the fuel tank
ullage gas for an energy balance:

Q - C1 + 12/Tf - C3tf - C4tf/Tf, EzII9]

where,

C1 , C2, C3, and C4 are invariant for a given condition (C3 - 0

for single-tank expulsion),

Tf - the final fuel tank gas temperature (OR),

tf n the average fuel tank gas temperature (*F).

Equation [111-9] is plotted in Fig. 111-4 for single- and
twin-tank expulsion, and shows that the sensible heat loe con-
straint reduces as ullage temperature increases. furthermore,
sensible heat lose can also be computtq directly by means of
Eq [111-5].
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The final gas temperatures in the fuel tank were then computed
by a trial and error selection of final gas temperature with
simultaneous solution of Eq [111-5] and [111-9]. The results
are shown in Table 11-2, which indicates that wall temperatures
will be approximately 367 0F for twin-tank operation with a full
load of water in the second tank, and 190*F when only the fuel
tank is operated.

In an attempt to obtain a better understanding of the heat
distribution from the reaction, the established film coefficients
and expected temperature relationships utre analyzed in conjunc-
tion with material balance information reported in Chap. III.A.2.
The results of the Phase I heat balance were correlated by chem-
ical heat input calculations before attempting to scale the data
to predict Phase III system performance. Since maximum system
temperatures and reagent consumption were expected during the
water expulsion test series with MTI gas generation process in
the primary tank, the results obtained represent the most adverse
conditions.

The results of the Phase I heat balance study are summarized
in Table 111-3, with the corresponding chemical energy released
to the system from the reaction process. The heat released from
the reaction process was based on the following process, which
was established by an analysis of the identified products of
reaction:

4.48 H204 + 11.6 N2H + 5.5 12H2 (CH3 ) 2  19.9 R2 + 15.75 H2 + 7.5 CH4 + 1.93 NH3

+ 0.51 NO + 0.15 CO2 + 5.25 CO + 9.5 H20.

The heat of reaction for this process occurring at a mixture
ratio (W./W,) 0.6 is:

R oroducts reactants . 4800 Btu lb/No.
c (lb mole N 204)(mole weight N204) 24
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Table 111-3 Phase I Heat Balance

Heat in Fuels, Expelled 738 Btu

Heat in Fuel, Left in Tank 480 Btu

Heat Flow to Oxidizer Tank 43 Btu

Flow Work (Fuel) 23 Btu

Heat in Fuel Tank Wall 465 Btu

Heat in Ullage Gas 38 Btu

Approximate Heat in System,
Assuming No Condensation 2387 Btu

Approximate Heat with 50% H 20
Condensation 2087 Btu

Approximate Heat with 80% H 2 0

Condensation 1907 Btu

Chemical Energy Released 2380 Btu (No Condensation)

(Based on Reagent Injected
0.412 lb) 2060 Btu (50% Condensation)

1900 Btu (80% Condensation)

0
III- 16
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The basic technique used in the solution to the heat balance,
based on chemical energy released to the system, also involved
scaling the Phase I heat balance to comparable levels expected in
the full-size demonstration system by the techniques contained in
Appendix E. Since the heat absorbed by the system was a function
of the chemical energy released from the MTI process, the amount
of heat absorbed by the system and chemical energy required were
computed separately as a function of ullage gas temperature. They
were plotted in Fig. 111-5 for the secondary tank tests with water
and nitrogen tetroxide. The intersection of the two curves rep-
resents a heat balance at a primary tank gas temperature of 750*F
for the water-filled secondary tank. Figure 111-6 is a block dia-
gram showing the energy distribution at this condition, which
results in a final tank wall temperature of 4740F. For an oxidizer-
filled secondary tank, the maximum expected wall temperature was
338F. Equivalent primary tank wall temperature for tests with
the oxidizer-filled secondary tank were computed from the reduc-
tion in reagent consumption, and corresponding chemical energy
was dissipated during the Phase I test program.

A summary of the heat absorbed by the Phase III system is pre-
sented in Table 111-4 for various primary tank gas temperatures
based on Phase I system data with a water-filled secondary tank.
The corresponding chemical energy released in generating the re-
quired quantity of gas at the various temperatures is included,
based on the following relationship:

/\/FT if + 460\
Wln ( wl 4800 Btu/lb\F\GT 6/

where,

V2/% 1 " 56.2.

Predicted performance for the Phase IIl common ullage demon-
stration test configuration is shown in Fig. 111-7 and 111-8.
These curves are based on a nominal 36-psia tank pressure, with
an initial 22% primary tank ullage and 5% secondary tank ullage
and oxidizer in the secondary tank. Surface solid-stream N2 04

injection was used in primary tank pressurization, and the sec-
ondary tank was pressurized by subsurface gas impingement. Pro-
pellant tank ullage and outlet pressures shown represent the
expected variations due to changes in propellant static head.
The resulting pressure decay used to expel the residual propellant
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by ullage gas expansion was also indicated. Due to a decrease in
actual reaction mixture ratio obtained during the Phase III fuel
tank tests the reagent consumption predicted is approximately
twice that which would be expected from a full-scale system com-
mon ullage test. A prediction of dual reagent injection pressuri-
zation performance was made with the IBM 7094 computer program and
is shown in Chap. V.A.

Table 111-4 Phase III Heat Balance

Assumed Final Fuel Tank Ullage
T GFT 2  Temperature, TDFTf2

Item 400OF 5008F 600OF 7009F 800.F

Absorbed (Btu)

Heat into Fuel 20,300 28,100 35,900 43,400 51,000

Heat to Oxidizer Tank 4,600 6,200 7,600 8,900 10,300

Flow Work 1,340 1,340 1,340 1,340 1,340

Heat to Tank Wall 4,080 5,280 6,470 7,690 8,870

Heat to Atmosphere 300 410 530 640 760

Heat in Ullage Gas 4,020 5,200 6,400 7,600 8,700

Total (Btu) 34,640 46,530 58,240 69,770 80,970

Generated (tu)

Water-Filled Secondary Tank 104,500 93,500 84,800 77,500 71,300

Oxidizer-Filled Secondary
Tank 59,000 53,000 48,000 43,800 40,300
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2. Mass Balance

A technique for establishing the actual reaction mixture ratio
of the dual injection and common ullage M4I systems was developed
based on an analysis of the gaseous products of reaction and the

known quantity of injected reagent. Although a hypothetical com-
position of the condensed products of reaction is obtained, fairly

good correlation of actual quantities produced in the experimental
program was achieved. A summary of the results of the material
balances performed are contained in Table 111-5 for both the full-
scale and research test system with the analytical technique ex-

plained in the following paragraphs. A significant increase in

gas generation rate was experienced in the Phase III system (fuel
tank from 2.13 to 6.4 lb gas/lb reagent and oxidizer tank from
2.85 to 6.3 lb gas/lb reagent) primarily due to the change in
reaction mixture ratio resulting from the increase in injector
orifice diameter.

Table 111-5 MTI Combustion Product Mass Balance Summary

Total Reaction

Molecular Comb. Conden- Mixture
Tank Weight Prod Water sate Reagent Ratio
Press. (lb/lb (lb) Weight Weight Weight

Configuration (psia) mole) gas (Ib) (lb) (lb) (WSWF)

Phase I

Fuel Tank 36 15.77 0.412 0.208 0.316 0.278 0.62
(direct Injection)

Phase III
Fuel Tank 36 15.98 17.9 1.9 3.6 2.9 0.16

(direct injection)

Phase I
Oxidizer Tank 36 29.51 0.313 0.165 0.192 0.151 2.34
(direct injection)

Phase III
Oxidizer Tank 36 30.5 20.8 3.27 16.54 3.3 10.32
(direct injection)

Phase I

Oxidizer Tank 36 23.04 0.493 0.226 0.258 0.329* 1.28
(common ullage) I I

*Consists of 0.263 lb of fuel(gunk) and the rest primary gaseous combustion

products.
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Phase I Small-Scale Syste - Balanced chemical equations for
the dual reagent injection and common ullage systems were first
required to determine the actual quantities of reactive constitu-
ents and unidentified condensed materials either formed or con-
densed in the pressurization process. For the common ullage
configuration the total weight of gaseous combustion products in
the primary tank was computed by the IBM 1620 ullage dilution
program. Reagent consumption (an actual test measurement) and
gas analysis by mass spectormeter was provided for all tests.
The material balance is obtained by attributing all unaccountable
oxygen to condensed water and making a hydrogen or nitrogen bal-
ance, based on which balance satisfied minimum requirements. The
small remaining amount of carbon and nitrogen or hydrogen was at-
tributed to gunk.

Fuel Tank Direct Iniection - The chemical reaction investigated
for a typical Phase I fuel tank test at 36 psia gave the following
balanced equation:

0.278 lb N 204 + 0.450 lb fuel-a-4.354 scf N2 + 4.107 scf H2 +
+ 1.257 scf CH4

+ 0.01 scf NH 3 + 0.119 scf NO +

+ 0.040 scf CO2

+ 0.01 sf 02 + 0.208 lb H20 +
+ 0.049 lb C

+ 0.061 lb N.

The gaseous combustion products totaled 9.897 scf, equivalent
to 0.412 lb, with a molecular weight of 15.77 for the solid stream
surface injection process with a 0.014-in. dia injector orifice
at a differential pressure of 75 psia. A complete analysis of
the gaseous combustion products is presented in Chap. II.C.1.

The increase in combustion product molecular weight at 100 and
200 psia operating pressures precipitated additional study of this
reaction. For the 200 psia reaction the following reaction process
was established:
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0.629 lb N204 + 1.876 lb fuel--18.71 scf N2 + 7.12 scf H2 +

+ 7.4 scf CH4

+ 0.61 scf NH3 + 1.3 scf NO +

+ 0.43 scf CO2 + 0.22 scf H20

+ 0.33 scf 0 2 + 0.349 lb H20 +

+ 0.127 lb C + 0.082 lb H.

A total of 36.12 scf of gaseous combustion products, equivalent
to 1.947 lb, was pruduced at a molecular weight of 20.46 with a
reaction mixture ratio of 0.34. Because the amount of test data
available on the high pressure process were limited, the results
should be considered approximate in view of the large amount of
liquid hydrogen compounds required to balance the equation.

Oxidizer Tank Common Ullaae System - For the subsurface im-
pingement in the oxidizer tank, the mass of crosaflow gas was
considered as the difference between the total calculated by the
ullage dilution program and the amount remaining in the primary
tank at the end of the run. The total secondary reaction gaseous
combustion products were also calculated by the ullage dilution
program based on the actual concentration of NO2 vapors in the

ullage. Any gunk cross flow was assumed to be essentially fuel
and a simultaneous nitrogen and oxygen balance determined the
relative amounts of NO2 (or N204) and gunk required to complete
the equation:

1.6 scf primary combustion products + 0.263 lb fuel + 0.422
lb N204

-s- 4.84 scf N2 + 1.57 scf ?2 + 0.47 scf CH4 + 0.356 scEf CO2

+ 0.202 acE I120 + 0.656 seE 02 + 0.226 lb 12 0 + 0.033 lb C.

The gaseous combustion products totaled 8.094 scf, equivalent to
0.491 lb, with a molecular weight of 23.04 for the Phase I con-
figuration. Actual composition of the gaseous combustion products
is presented in Chap. II.C.1. The total mass balance for both the
primary and secondary tanks if represented schematically in Fig.
111-9.

111-25



Cross Flow
Primary Combustion

Products 0.329 lb (0.263 It. gunk)

WR - 0.278 lb

Fig.~~ ~~~ 17- hs aaBlneShmtia ersnain rteCmo
Ufe 040lb Configu.4ation

WC 0 0.110



RTD-TDR-63-1123

Oxidizer Tank Direct Injection - The pressurization reaction

for direct fuel injection in the oxidizer tank is given by the
following equation:

0.151 lb fuel + 0.354 lb N2 0 - 2.65 scf N2 + 0.07 scf H2 +
+ 0.03 scf CH4

+ 0.03 scf NH3 + 0.46 scf CO2 + 0.13 sch H20 + 0.65 s 2f 02

+ 0.165 lb H20 + 0.014 lb N + 0.015 lb C.

The gaseous combustion product totaled 4.02 scf, equivalent to
0.313 lb, with a molecular weight of 29.51. Oxidizer tank injec-
tion was at the same condition as in the fuel tank. A description
of the acuual composition of the combustion products contained in
Chap. II.C.I. Since no significant change in gas molecular weight
occurred at 100 and 200 psia, additional analysis of the reaction
was not necessary.

Phase IlI Full-Scale System - Early predictions of Phase III
system performance based on the Phase I data were unsatisfactory
due to changes in the reaction process and because the material

balance had to be revised based on actual test data. The Phase
III system material balance reported was performed similarly to
the Phase I reaction. The results are based on a single investi-

gation, and allowance must be made for variation in the calculated
values although Lhe combustion product molecular weights correla-
ted with the earlier data obtained. Since the full-scale system
was not tested with the common ullage configuration because of

safety considerations, only the direct reagent injection method
of pressurization was analyzed for each tank. The apparent reac-
tion mixture ratio shift experienced in the Phase I fuel tank at
high pressures was again noticed with the full-scale system at

low pressures. The shift was probably caused by a change in reac-
tion kinetics brought about by an increase in quantity of reagent
injected. Further investigation is warranted to establish empiri-
cal relationships defining the influencing parameters.

Fuel Tank Direct Injection - The chemical reaction investi-
gated for the Phase III system operating at 37 psia with solid
stream surface nitrogen tetroxide injection gave the following
balanced equation:
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2.9 lb N204 + 18.6 lb fuel-m-145.3 scf N2 + 138.0 ecf H2 +

+ 69.0 sef CH 4

+ 66.4 sf NH3 + 6.4 scf NO + 0.9 acf CO2

+ 1.9 lb H 20 + 0.2 lb H + 1.5 lb C.

The gaseous combustion products totaled 425.96 scf, equivalent to
17 . ib, with a wolacular weight of 15.98 for the solid stream
surface injection process with a 0.047-in. dia injector orifice
at a differential pressure of 75 psi. A complete analysis of the
gas is presented in Chap. IV.C.3.

Oxidizer Tank Direct Iniection - The Phase III reaction in the
oxidizer tank resulting from pressurization to 37 psia by direct
fuel injection with the 0.047-in. dia solid stream injector save
the following balanced equation:

3.3 lb fuel + 33.45 lb N 0 --- m-167 scf N + 2.6 sof NH + 38.9
2 4 2 3

scf CO2 + 8 sf H20 + 41.5 scf 02 + 3.27 lb 120 + 13.27 lb 02.

For this reaction 258 sef of gaseous combustion products, equiva-
lent to 20.8 lb, were generated at a molecular weight of 30.63.

The apparent large quantity of condensed oxygen compounds re-
quired for the balance resulted from the amount of gaseous com-
bustion products generated. This quantity of combustion gas was
required to perform an energy balance on the Phase III system with
the MTI mathematical model. An initial attempt at a pure mass
balance indicated that 13.73 lb of gaseous combustion products
were formed at a reaction mixture ratio of 5.93. However, 5.84
lb of 02 would still be required to balance the reaction equa-

tion. For additional performance prediction the reaction re-
sulting from the energy balance was used.

3. Predicted performance

Early attempts to predict MTI pressurization system perform-

ance were based on a simplified mathematical model programed on
the IBM 1620 computer. Due to the limited capacity of the 1620
computer, a larger model was programed on the IBM 7094 with ad-
ditional process description and capability for computing com-
mon ullage system performance. In predicting MTI pressurization

system performance two distinct areas of difficulty were encoun-
tered. It was necessary to establish empirical relationships
concerning the following items:
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1) Influence parameters affecting reaction mixture ratio,
adiabatic flame temperature, gas molecular weight and
condensibles formed.

2) Influence parameters affecting the combustion zone
area.

These problems were more predominant in the fuel tank as shown by
variations in accumulated data. To better understand process
characteristics, several theoretical studies (described earlier
in this aection) were performed to establish heat and mass bal-
ances for both the dual injection and common ullage pressuriza-
tion processes. Must of the early analysis was performed on the
common ullage system because of the complexity of the pressuriza-
tion process. However, techniques of predicting pertormance with-
out a computer for both the common ullage and dual injection
systems were established and are described in Chap. V.B.

As sufficient test data were accumulated from the small-scale
test program, the film coefficient and process characteristics
identified were used in the IBM 7094 mathematical model to estab-
lish correlation with the actual test data. Subsequent predic-
tion of full-scale system performance and the Titan II and Titan
III transtage performance was based on the coefficients estab-
lished. Due to a change in the reaction in the larger system,
adjustments were made in the reaction mixture ratio to obtain
good correlation. The lack of a suitable method to empirically
establish the reaction mixture ratio as a function of the perti-
nent variables is a problem that warrants further study. Empiri-
cal relationships were developed for the combustion zone area,
and are incorporated in the computer program as a function of
reagent mass flow rate. The effects of changes in orifice area
or injector differential pressure are unknown. In arriving at
full-scale system performance predictions, the combustion area
coefficient was increased in proportion to the orifice area since
the injector differential pressure was unchanged. All other co-
efficients were identical to those established from the Phase I
test program and later modified to reflect actual Phase III con-
ditions encountered. The extent of correlation achieved with the
36 psia tests can be seen from Fig. 111-10 thru 111-12. Due to
unresolved problems with the common ullage portion of the MTI and
mathematical model a comparison was not achieved in Fig. 111-12.
Insufficient data were available to obtain precise correlation
with the higher pressure tests. The best correlation was achieved
by assuming the reaction mixture ratio did not change with an in-
crease in operating pressure in the fuel tank. Phase III predic-
ted performance is shown in Fig. 111-13 and 111-14. A comparison
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with actual data obtained is presented in Chap. V.A. In general
the predicted gas and tank wall temperatures are lower than the
test values since the mathematical model computes the average
gas temperature and the test measurement represents the maximum
value. A good comparison of predicted and actual propellant
temperatures cannot be achieved due to poor resolution of the
test measurements for the small temperature changes experienced.

The use of the IBM 7094 mathematical model in predicting MTI
pressurization performance requires a knowledge of process char-
acteristics in order to input the proper operating conditions.
Pertinent areas involved are system physical characteristics,
chemical reaction description, combustion product thermodynamic
properties, and heat transfer characteristics of the pressuriza-
tion process. Physical characteristics of the system are taken
from the particular application with the proper option selected
(i.e., number tanks, type injection, vapor dissociation, etc).

The injector orifice area and discharge coefficient must be
assumed. As the injector orifice area influences the combustion
area and the effects of reagent supply pressure are not fully
understood, some tolerance on predicted performance should be
allowed for applications deviating radically from the conditions
of the experimental and development programs.

The description of the reaction process has been obtained from
the test programs and primarily represents empirical data. The
reaction mixture ratio (RMR), ratio of condensibles to total com-
bustion products generated (RCLP), and molecular weight (XMWCP)
of the gaseous combustion products are determined from the ex-
perimental test results based primarily on the gas analysis while
the heat of vaporization (HLCLP) and specific heat (CPCLP) of the
condensed products of reaction are considered to have the same
properties as water. The flame temperature (TFP) is determined
theoretically by first establishing the heat of reaction:

M_ - AH Reactants - bi Products

Since the heat of reaction is also equal to the change in en-
thalphy of the products,

- C] C Btu/lb mole *R x 9 scf/lb mole x AT
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where

Ifi is the mole fraction of each of the combustion pro-

duct constituents, Vst d is the standard cubic feet of

products, and AT is the temperature of reaction minus
the initial temperature of the reactants.

The reaction temperature can be solved by a trial and error method
based on actual mean heat capacities of the constituents of the
products. The theoretical flame temperatures calculated from the
actual reaction products are shown in Fig. ITI-16 as a function of
reaction mixture ratio. Combustion product physical properties
shown in Fig. 111-17, 111-18, and 111-19 are based on the char-
acteristics of the actual constituents and are calculated before
input for the anticipated range in operating temperature. Ther-
mal conductivity (XKCP) based on the following relationship:

n

XIDCP _E Mri Ki
iii-I

and heat capacity:

n

CPCP x MFi C P
i-I

The viscosity of the gaseous combustion products (XMVCP) is deter-
mined theoretically from:

n

XMVCP - i-,

Heat transfer computation in the mathematical model requires
establishing proper coefficients from experimental data for use
with standard natural convection relationships. The thermody-
namics of the system are based on the transfer of heat from a
combustion zone below the liquid surface. liet heat transfer from
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the reaction is considered between the combustion gas to the liq-
uid propellant, combustion liquid to. the liquid propellant, and
combustion gas to the tank ullagc. Valca £u& deLermining the
quantity of condensibles formed are shown below with the pertinent
heat transfer coefficients based on the Phase I test program re-
sults.

Mathematical Model Heat and Mass Transfer Coefficients

CACP C11C XFGWP CFGWP XFGLP CFGLP XFLWP CFLWP RCLP RM XMW

Fuel
Tank 0.64 0.19 0.25 0.31 0.25 0.31 0.25 0.25 0.44 0.62 16.

Oxygen
Tank 0.64 10 0.25 0.05 1 0.25 0.051 0.25 0.25 0.38 2.34 29.5

The combustion zone area constant (CACP) appears to vary di-

rectly as the injector orifice area that was 1.07 x 10-6 ft2 for
the Phase I system while all of the additional heat transfer con-
stants remained unchanged for the larger systems analyzed. This
data was generated with a 75 psi injector differential pressure
at a 36 psia propellant tank pressure.

The general outline of the computer program is shown in Fig.
111-20 and described in detail in Appendix F. This program has
been used for the prediction of Phase III full scale system per-
formance as well as the Titan II and Titan III transtage perform-
ance with an MTI pressurization system based on the empirically
derived heat transfer relationship from the Phase I experimental
program. Unique features of this program include the calculation
of heat transfer from a combustion zone in the liquid propellant
depending on the primary tank theoretical combustion process char-
acteristics in addition to the determination of secondary tank
thermodynamics based on a specified amount of reaction occurring
in either the tank liquid or ullage in a common ullage arrangement.
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CYRi. 111-15 not used.)
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The program logic is as follows: after setting the initial
conditions, all required tank conditions are calculated. A check
for shutdown is made, then secondary tank change rates are com-
puted and the cross flow determined. For a single tank system
or dual reagent injection, the cross flow is set to zero and the
secondary tank omitted. Next, the primary change rates are cal-
culated and the time increment fixed. The program next calculates
the new conditions throughout the system and checks for shutdown.
The system conditions are printed out at specified intervals.
Shutdown occurs when propellant level in either tank is below an
input low limit, or, for the constant-flow orifice injection only,
when the primary tank pressure exceeds a specified range. After
shutdown, summation of several parameters are printed out and the
program stops. Output is time, tank, gas and liquid temperatures,
gas and total pressure, gas and total pressure, gas composition
and molecular weight, number of calculations made, weight of re-
actant, and fraction of combustion products in propellant. At
shutdown, all of the preceding are output, along with total weight
of gaseous liquid combustion products and the total cross flow
by component.

Heat transfer computations consider heat exchange between the
bulk gas and adjacent tank wall, the bulk gas and liquid surface,
the liquid and the adjacent tank wall, and wall to outside atmos-
phere. Internal heat transfer, excluding that from the combustion
zone, is based on the standard convective heat transfer film coef-
ficient;

H - C(k/D)[D302 g AT Cp /4k] X,

where C and X have been determined from the Phase I experimental
program and a subroutine is used to calculate each gas film heat
transfer coefficient. Heat transfer to the liquid from the combus-
tion zone is based on a purely empirical relationship;

Qc h Hc Ac WR' 8 7 (T1 . TL)

where the combustion film coefficient, Hc (or CHC) and Ac (or

CACP) ire assumed. Similarly, thermodynamic heating to the tank
wall it computed for each time increment by a separate routine
from tle following relationship;

QA - HA AT (1A - Tw)
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where HA (or HAP) and TA (or TAWP) have been computed by a sepa-

rate program for a characteristic missile trajectory and is input
as a function of time. HA is the theoretical heat transfer coef-

ficient and TA is the adiabatic skin temperature. Since the aero-

dynamic heating is handled by a separate program, considerable
detail has been incorporated to obtain data over typical ranges
in Mach number for a given trajectory. Although the aerodynamic

heating computation is performed separately, the heating rates
are considered valid for the application since the tank wall dif-
ferential temperature term is not omitted.

In addition to the heat transfer function mentioned, heat
transfer to the liquid by condensation of reaction products or
the remaining energy from combustion going into the ullage gases
is also considered. Similar relationships are also used where
a secondary reaction occurs between the cross flow and secondary
liquid and/or vapors. In this case, however, the adiabatic flame
temperature is corrected to reflect the damping effect of inert
pressurizing gas in the cross flow. The calculation of the mass
of gas cross flow assumes no heat transfer or time delay in the
common ullage line. Pressure drop through the line is input. The
program first determines if cross flow is required to maintain a
set pressure in the secondary tank, then checks pressures to make
sure cross flow is possible. If cross flow is required and per-
missible, it is calculated for a I-sec increment, based on existing
primary tank gas conditions. Secondary tank pressure may be gas
pressure or may include the liquid head. In each computational
sequence, the program recalculates the dependent parameters of
propellant out flow, work of expelling the propellant, gas heat
capacity, and sample bleed for each tank.

If primary injection is by a constant flow orifice, time in-
crements for each calculation are input, and may be time-dependent.
If a pulse injection technique is used, an on-off switching se-
quence computes the time interval for the primary tank pressure to
either build up to the high limit or decay to a low limit. These
limiting pressures may be ullage gas pressure or may include the
liquid head.

Since Phase I tests show that propellant vaporization depends
on MTI injection and combustion technqiues, the vapor pressure is
handled by the relationship, P - CV, where V is the vapor pressure
based on the liquid temperature and P is the partial pressure of
the vapor. C is based on test data and can be time-dependent.
Evaporation occurs to satisfy this relationship with accompanying
heat transfer.
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B. SYSTEM DESIGN

The initial design of the full scale flight veight Main Tank
Injection Pressurization System was based on low pressure system
criteria established as a result of several preliminary investi-
gations that are reported in Chapter I. A. Consequently an
operating pressure of 36 ± i psia was selected for the 2,000 gal.
tankage with a 150 sec run duration. Although the capacity ex-
ceeds the minimum required volume by 100%, the availability of
scrap missile aluminum tankage provided a flight type system at
a minimum cost. The system has capability for a 3 to I variation
in propellant outflow rate, coast and restart, and residual pro-
pellant expulsion by a polytropic gas expansion process. Flexi-
bility of the design provided early initiation of manufacturing
drawings to allow scheduling compatible with current Titan I and
Titan I manufacturing effort. The completion of the final de-
sign effort was based on recommendations resulting from the small
scale experimehtAl test program, A brief description of the De-
sign Criteria, System Designs and Prototype fabrication are con-
tained in the following paragraphs.

Design Criteria - From the results of the preliminary inves-
tigations, pertinent MT1 system design requirements were incor-
porated in a Design Criteria Document (LAB 6003251) with additional
specific details concerning the full scale demonstration system
to be built. The document served to identify specific demonstra-
tion system characteristics, as much of the system was defined
from earlier investigations, in addition to providing general cri-
teria for chemical pressurization systems. The hT Systems Design
Criteria describes a ground demonstration common ullage system of
the type successfully tested on a small scale basis (Fig. 111-21).
However, subsequent investigation of current Martin safety re-
quirements resulted in the selection of a dual reagent injection
system for full scale demonstration. Consequently the description
of the demonstrated system would consist of identical systems for
fuel and oxidizer tank similar to the existing fuel tank direct
reagent injection pressurization system, Functionally, the bi-
injection system operated in each tank similar to the fuel tank
pressurization system with the common ullage line isolation valve
closed thereby providing separate testing of each propellant tank
pressurization system.
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Pressurization Systems - The basic criteria for pressurization
system design wa- to achieve a light weight low pressure system

by generation of a low density pressurant (gas molecular weight
less than 15) from relatively high density reactants with an em-
phasis on increasing system reliability by minimizing the number
of components required. Since precise pressure control (within
±i psi) was desired a pulse injection system was mandatory to
achieve consistent performance and minimize variations in the
reaction process due to pressurant demand for a variable propel-
lant outflow rate. For applications where continuous engine
operation is anticipated and a greater tolerance in tank pressure

is allowed as in a booster application; greater reliability can
be achieved by replacing the pressure control mechanism with a
calibrated orifice. As a result of initial tests performed on
the small scale system, solid stream surface reagent injection
was selected for fuel tank pressurization with subsequent pres-
surization of the oxidizer tank by the combustion products ad-
mitted to the tank bottom through a common ullage line and
isolation valve. In order to prevent engine mixture ratio shift
during operation, it was desired to maintain the discharge pres-
sures equal at each tank outlet, however, the inherent character-
istics of the common ullage pressurization process required a
small differential pressure between each tank. A nominal 36 psia
operating pressure was selected for the fuel tank based on current
turbo-pump NPSH requirements. Consequently fuel tank-top pressure
was set at 36 ±1 psia that results in an uxidizer tank-top pressure
of 31 ±1 psia at start and 34 il psia at termination of injection
due to the method of introducing pressurizing gas into the oxidizer
tank. This change in ullage pressure is caused by the decreasing
oxidizer head since constant pressure control is maintained at the

tank outlet.

Pressurizing capability of the system was dictated by the

558 ft3 total propellant tank volume considering a common ullage
configuration with approximately 50% of the oxidizer pressurization
requirement supplied by a secondary reaction. Minimum initial
ullage volume was established at 5% with the 7% residual propellant,
provided for system cooling, expelled by the gas expansion process
after injection termination. A pressurized reagent storage system
was employed to simulate a possible turbo-pump bleed reagent supply.
Provisions for filling, pressurizing, and draining the system were
incorporated to facilitate normal missile servicing characteristics

and provide fail safe operation of the injection system. Since a
demonstration of system flexibility was desired, requirements were
established to assure adequate response and control during the
planned continuous tests as well as the variable outflow restart

tests. The pressurization system criteria was based on pressure
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switch controlled pulse injector in the fuel tank due to previous
success in the Phase I program while the oxidizer tank common ull-
age manifold was charged to include an isolation valve and dif-
ferential pressure switch instead of the check valves employed in
the small scale system design to prevent reverse flow. Remote
operation of the system was required by a control console to dem-
onstrate sequencing capability. Actual testing, once initiated,
was automatic.

The reagent injection system must be capable of maintaining
the desired pressure during conditions of maximum propellant out-
flow and minimum ullage. Specific design recomnmendationis have
been made in Chapter V. B, however, a response of approximately
0.050 sec is generally required. Reagent supply pressure will
affect the injector control system requirements since final tank
pressure during each injection cycle will be a function of reagent
injection velocity and the quantity of reagent unreacted at in-
jector shutoff. Based on laboratory experiments the maximum in-
jection velocity is limited to approximately a 200 psi injector
differential pressure for obtaining a good solid stream. The
influence of unreacted reagent with the 7-ft long tankage was less
than 0.2 psi due to the corresponding large ullage volume.

Safety requirements dictated the utilization of a dual pres-
sure relief system will adequate response for prevention of ex-
ceeding structural limitations at the expected elevated operating
temperatures. In addition all functions were monitored by the
control console to permit manual override of any system. The in-
jection system was provided with automatic shutdown and reagent
dump capability in the event of an injector failure to reduce the
possibility of an over temperature condition. The response of all
systems was based on satisfactory performance under the 5% minimum
ullage situation.

Propellant System - A propellant tank minimum required volume
of 1000 gal. and nominal operating pressure of 36 psia resulted
in the acquisition of available scrap Titan I, Stage II fuel tanks
for the full scale system demonstration test article. Operating
pressures were limited to 40 psia based on the expected operating
temperatures and extent of modification of the aluminum tanks.
Flowrate requirements were determined by nominal booster system
operation during (approximately 150 sec) and a 2:1 (0/F) storable
propellant mixture ratio. Since identical tanks were used for the
fuel and oxidizer system correct propellant loads were assured by
high liquid level sensor indication. Resulting nominal flowrates
were 78.3 Ibm/sec fuel and 156.6 lbm/sec of oxidizer. Injection
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termination before fuel exhaustion was made a requirement to pre-
vent tank damage due to the combustion process. The low level
sensor used for injection termination also was required for timer
actuation during the residual propellant expulsion by ullage gas
expansion to accomplish system shutdown. To verify an absence
of entrained vapor in the expelled propellant a sight glass was
required at the tank outlet.

Propellant tank modifications required to accommodate the MTI

pressurization system were provided to permit sufficient flexi-
bility in the design of various pressurization techniques. Fore
and aft propellant tank skirts were utilized to permit component
mounting and tank support attachments. Complete isolation of each
system required a side by side tank arrangement with a separating
blast wall.

System Design - The Phase III I system was designed using
the previously created Design Criteria as a guide. The basic
philosophy of the design was to provide a maximum of data at a
minimum cost consistent with safety. Due to the potentially haz-
ardous nature of the test, safety was of primary importance. A
schematic of the Phase III system is shown in Fig. 111-21. As
noted previously, the test system was changed from common ullage
to bi-injection subsequent to writing of the Design Criteria.
This change did not alter the system overall design except for
eliminating the common ullage line, isolation valve, AP switch
and one of the two oxidizer tank relief valves. The oxidizer
pressurization system became identical to the fuel tank pressur-
ization system except that fuel rather than oxidizer was used for
reagent. System operating parameters remain the same except that
oxidizer tank pressures became equal to fuel tank pressure. A
schematic of the bi-injection system as tested is shown in Fig.
111-22. The primary design effort involved the modification of
the main propellant tanks and the definition of facility require-
ments with the necessary drawings of the common ullage system
vent system, and reagent supply system completed. The following
paragraphs describe the design of the Phase III MTI system with
the exceptions noted.
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Pressurization System - The fuel tank pressurization system
includes the reagent storage and injection system and the pres-
sure control system. Reagent flowrate through the injector and
storage tank capacity were based on scaling Phase I test data as
follows:

Assuming identical reaction mixture ratio of 0.62,

V_3 
TgftI

r3  Wrl V p1 Tgft 3

where

Wr3 - reagent usage, Phase III,

Wrl - reagent usage, Phase 1, 0.26 lb m

- volume pressurized, Phase In1, 445.8 ft3,
Vp3

- volume pressurized, Phase I, 7.95 ft3,

Tf - temperature of fuel tank ullage gas, Phase 1,
ft1  approximately 260*F,

Tgft - temperature of fuel tank ullage gas, Phase III,

3  approximately 450OF estimated.

W - .26 lb 445.8 ft3 260 + 460 OR
r3 (0. 7.95 ft 3 450 + 460 7R

W 3  11.6 lbm.

For design purposes this was increased to 22 lb to allow
m

testing flexibility such as NTI prepressurization, repressurization
after a period of coasting, and to allow for reaction uncertainties.
The maximum injector reagent flowrate calculated was 0.0738 ibm/

sac for a 0.047-in. dia injector orifice. Although the injector
should normally be oversized to assure adequate response during
transients and with a 2- to 3-cps frequency during steady-state
operation, the injector was originally sized for continuous oper-
ation to avoid tank over-pressurization. An injector differential
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pressure of 100 psig was used based on Phase I testing and in-
jector orifice development. Phase I tests showed that injection
of reagent as a spray resulted in much higher ullage gas tempera-
ture than a solid stream injection. Injector orifice development
indicated that increasing the pressure drop above 200 psi through
the injector resulted in degradation cf the injection stream. As
a result, 100 psi was chosen as a compromise between penetration
and anticipated ullage gas temperature because of degradation of
the injector stream. However, the reagent supply system was de-
signed for 650 psig maximum in case testing indicated that re-
agent injection pressure higher than 125 psig was feasible.

Pressurization line size was 1/4 in. while reagent supply and
fill lines were 1/2-in. dia. The reagent tank volume selected was

0.523 ft3 as a tank this size was available that was more than
adequate to hold the anticipated maximum reagent consumption of
22 lb. Pressure relief of the reagent tank was provided by a
1/2-in. 3-way solenoid valve controlled by a pressure switch
sensing reagent tank pressure. Figure 111-23 shows the assembled
system*

Early in the MrI program a search was made for a commercially
available device that could be used as an injector to preclude
design and development of a special component. The injector (Fig.
111-24) was made from a commercially available Spraying Systems
Company #24AUA-898 spray gun for use in the Phase I test program
before use in the Phase III test program. It was capable of
withstanding the maximum reagent injection pressure and required
a minimum of approximately 45 psig pneumatic pressure to operate.
In order to provide maximum response the injector control system
was designed to operate at 150 psig. Nitrogen-injector control
pressure was supplied to the large dome-shaped operating head
shown in Fig. 111-25 that causes a teflon piston to retract
against a spring, also contained in the operating head. Reaction
of the piston pulls a 1/8-in. dia operating rod from a valve seat
machined into the orifice mounted on the opposite end of the in-
jector. The orifice is held onto the injector by a retaining
nut. The retaining nut is also screwed into a mounting port on
the tank dome to provide a mounting point for the injector and
assure axial injection. Control of the injector is discussed
later in this section. The Phase III Injector Orifice is shown
in Fig. 111-26 and performance presented in Fig. 111-27.
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1.4.

Fig. 111-23 Phase III HTfI Reagent Supply System
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Fig. 111-25 MTI injector

111-56



RTD-TDR-63 -1123

Fig. 111-26 MTI Phase III Injector Orifice
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Pressurization of the oxidizer tank was to be originally ac-
complished by introduction of pressurizing gas from the top of
the fuel tank into the lower dome of the oxidizer tank, (below
the liquid surface) through a common ullage line. A common ullage
line was designed using as criteria the pressurization gas veloc-
ity used in the most successful Phase I common ullage tests. This
velocity was 66 ft/sec and the resulting common ullage line size
chosen was 2-in. dia. The 2-in. dia line results in a slightly
higher velocity and pressure loss but was chosen because of the
availability of hardware and the realization of an optimum pres-
sure drop through the line. The higher pressure drop makes it
easier to control the isolation valve as discussed later in this
section. To isolate the two propellant tanks and prevent reverse
flow through the common ullage line, a lj-in. dia Annin valve was
selected as the isolation valve to be installed at the lowest
point in the common ullage line as shown in Fi8 . 111-21. This was
considered to be the best location in view of the possibility of
condensing gunk out of the pressurizing gas. Control of the iso-
lation valve is discussed later in this section.

Originally oxidizer tank pressurization gas was to be injected
into the tank through a 2-in. port on the lower dome with a dif-
fuser inside the tank below the liquid surface (Fig. 111-28). A
subsurface gas injector was designed from information gained in
Phase I testing, which was carried on concurrently with Phase III
design. The basic technique for successful operation was to put
pressurizing gas into the oxidizer tank below the top of the baf-
fles such that any gunk in the gas reacting with the oxidizer
would be completely consumed before reaching the liquid surface.
This design routed pressurizing gas in a 2-in. dia tube concen-
trically up through the inside of the 4-in. dia outflow line ter-
minating in a gas diffuser mounted in the center of the "X" formed
by the baffles. The gas diffuser design had a solid top so that

pressurizing gas was forced out horizontally along radial lines
from the tank center before rising to the surface. The subsurface
gas diffuser is shown in Fig. 111-29. The subsurface gas diffuser
although not used was left as a splash plate for the direct fuel
injection tests.
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I!

Fundamental control of T essure within the system was achieved
by pressure switches. The :,ropellant tank pressure control sys-
tem is shown schcmatica llv in Fig. 111-22. As stated previously
36 psia was chosen as n-mioal fuel. tank-top pressure, to be con-
trolled ±1 psi by a prc;surc switch controlling the injector
through a 1/4-in. pneum; tic 3-way control valve. The system was
designed so that when the fuel tank pressure is below 36 psia
the pressure switch is closed, energizing the injector control
valve to the open position causing pneumatic pressure to be ap-
plied to the injector operating head, opening the injector. When
fuel tank pressure is greater than 36 psia, the switch is open
and the injector control valve vents the injector operating head
causing the injector t be closed. The injector was required to
be normally closed and the injector control valve required to be
normally closed (vented) for safety in case of either pneumatic
or electrical failure. A 1/2-in. shutoff valve, normally closed,
located between the reagent tank and injector, was included for
isolation of the injector in case of injector malfunction. In
order to bleed air out of the injector before testing and dump
pressure from the injector should a malfunction occur, a l/4-in.
bleed and dump valve was added to the injector. This valve was
required to be normally open so reagent pressure in the injector
would be released in case of electrical failure. Both bleed and
dump valve and shutoff valve were to be manually controlled, re-
motely operated from the test console. The reagent supply system
is shown in Fig. 111-23.

With the injection control system described, initiation of
injection was automatic following opening of the reagent shutoff
valve, electrically arming the pressure switch and control valve,
and starting propollant outflow. Termination of injection was
to be accomplishe, by a fuel tank low level sensor. At fuel low
level a signal from the low level sensor interrupted electrical
power to the injector control valve causing the injector to close.
The low level sensor was also connected to a timer to allow out-
flow to continue beyond termination of injection. This is de-
scribed in the propellant feed system section.

The oxidizer tank pressure control system design was based
on a differential pressure switch ccntrolling the normally closed
isolation valve in the common ultlage li.ne. The differential pres-
sure switch high pressure port was counectcd to sense fuel tank-
top pressure while the low pressure poit was connected to sense
oxidizer tank lower dome pressure. Switching points of the dif-

ferential pressure switch were chosen as 0.7 psid on decreasing
pressure based on calculated COmmllon u.I 1ge l1inc . pros sure di:op.
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The common ullage line was sized for a pressure drop of approxi-
mately 0.4 paid during normal propellant outflow rates. Initially,
pressure in the oxidizer tank will drop until the AP across the
common ullage line and AP switch is greater than 0.7 psi set point.
The normally open AP switch then closes, energizing a solenoid
valve that opens to supply pneumatic pressure to the isolation
valve, which opens to allow pressurizing gas to flow into the
oxidizer tank. As a result of the isolation valve opening the
differential pressure sensed by the A P switch drops to approxi-
mately 0.4 psi (the AlP of the common ullage line) that is heLwcn
the switching points of the AlP switch. Thus, at normal flowrates
the isolation valve remains open. When oxidizer outflow is at a
lower rate, or zero, the isolation valve will be caused to cycle
slowly, admitting pressurizing gas to the oxidizer tank whenever
pressure drop across the common ullage line (from fuel tank-top
dome to oxidizer tank lower dome) is greater than 0.7 psi. When-
ever AP is less than 0.2 the system was designed to close the iso-
lation valve to prevent reverse flow into the fuel tank. Tank-top
and lower dome pressures resulting from this Pontrol system are
shown in Fig. 111-8. Fuel tank-top pressure remains constant J1
psi because of the injector control system. Fuel tank lower dome
pressure decreases with outflow because of loss of fuel head at
a rate of 0.0328 psi/in, as fuel outflow' from the tank until it
equals tank-top pressure at fuel exhaustion. Oxidizer lower dome
pressure remains constant within 0.7 psi lower than fuel tank-top
pressure because of the isolatlon valve control. Oxidizer tank-
top pressure is less than lower dome pressure by the amount of
oxidizer head in the tank. As oxidizer outflow commences tank-
top pressure increases at a rate of 0.0526 psi/in, until it eqttals
lower dome pressure at oxidizer depletion. The pressure decny
during the final eight seconds is due to a polytropic pressure
decay following injection termination and residual propellant ex-
pulsion.

Over-pressure protection of both fuel and oxidizer tanks was
assured by multiple protection methods designed into the system,
The primary protection in each tank consisted of shuttin off the
pressurization source, i.e., the injector in the fuel tank and
the isolation valve leading to the oxidiAer tank. In case of a
serious overpressure, dual relief valves controlled by pressure
switches were incorporated on each of the two tanks to increase
overall syatem reliability. Two presure relief valves were re-
quired on the oxidizer tank because of the possibility of second-
ary reaction occurring following closing Of the isolation VAIve,
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Design of the pressure reli.xf system on each tank was based on
Phase I maximum pressure ric rate, structural capability of
available tankage and jl!. wable maximum tank wall temperatures
during testing. Proof pressure of tankage selected for Phase III
use was 40 psig at room temperature. Relief valve response re-
quirements were calculaLed for a combination of worst conditions
in order to determine how far below tank proof pressure to set.
relief pressure. The relief pressure established was 38.5 0.5
psia based on response characteristics of available relief valves

and pressure switches. Response data indicated a system with nn
opening response time of 80 msec was required. Based on this re-
lief pressure, a maximum allowable tank wall temperature was de-
termined from the strength vs temperature data specified in MIL
HDBK-5 (March 1961) for 1/2-hr temperature exposure of 2014-T6
aluminum.

Temperature (*F) Yield Strength (%)

0 100

100 99

200 94

300 84

350 77

400 67

450 53

Maximum allowable tank wall temperature was established by apply-
ing a safety fact-nr of 1.15 times relief pressure, or (39.0 - 11.8

psig) (1.15) = 31.0 psig;

Allowable Strength Reduction = 31 psig = 0.77
40 psig

Therefore, from table, max allowable wall temperature = 305*r.
Relicf valve and line sizes were specified as 3-in. dia for both
tanks based on anticipated gas composition and quantity to be
vented. With the maximum gas generation rates (in case of a mal-
function) and available pressure drop between tank ullage and
atmospheric pressure, the surplus Caln1ec vent and relief valves,
PD47SU128, were found to fit the desi.a requirements. However,
the relief function, altered for pneuma':ic actuation, was con-
trolled automatically by pressure switchs set at 38.5 psia.
Venting for fill and drain operations was controlled manually by
i'(,r onte cont-ro I from the e st conso 1I. F]i gilre IT-24 shows Lhe
prcssure rel ief systL, m as insallUd,

TI6 G

31,



RTD-TDR-63-1
123

In addition to the controls described for the isolation valve
and relief valves, the circuit logic was also designed to close
the isolation valve whenever a fuel tank over-pressure occurred.
This consisted of connecting the fuel tank overpressure switch lead
to the isolation valve circuit so that anytime the fuel tank re-
lief valve was signaled to open, the isolation valve would be
closed.

Propellant Feed System - The propellant feed system consists
of the main propellant tanks with provisions for filling from a
pressurized storage tank, control of the propellant outflow at
desired flowrates and termination of outflow. Capability was
included for recycling of propellant after each run so that more
than one test run could be made on each load of propellants.
Loading of each propellant tank was accomplished by including a
2-in. dia return line, flowmeter and shutoff valve running from
each catch tank bottom into a 'T" in each propellant outflow line
just below the bellows, approximately 23-in. below the propellant
tank lower dome. Transfer of propellants from catch tank to main
propellant tank was done by pressurizing the storage tank to 45
paie. A flowmeter, indicating both rate and total, was called
for in the fill line for an accurate determination of propellant
loads. A schematic of the propellant feed system is shown in
Fig. 111-21 and one of the catch tanks shown in Fig. 111-30.

Shutdown of the injection system before complete propellant
exhaustion was required to prevent damage because of reagent im-
pingement on the tank bottom. Residual propellant expulsion was
then accomplished by employing a shutdown timer in the system.
A low level sensor, installed in the fuel tank of the common ull-
agt system, when trigared by fuel low level, shutoff injection
by interrupting electrical power to the injector control valve.
A timer was simultaneously activated by the fuel low level sensor
signal to close both fuel and oxidizer outflow control valves after
a specified interval. Tank-top pressure is allowed to decay poly-
tropically during the final few seconds of outflow following ter-
mination of injection. The length of time allowed for polytropic
expansion is dependent on the established fuel tank low level sen-
sor Location, anticipated oxidizer outage at shutdown, allowable
pressure decay, and anticipated ullage temperature decay rate fol-
lowing termination of injection. Low level sensor location, iden-

tified previously, was chosen so that 17.6 ft of propellant
remain at injection termination in the fuel tank, however, an
-...,er depletion prevents complete expulsiun. BaL" '..

saxiium tank pressure decay during this time, a time delay of 8
sec was chosen, for the comon ullage system to minimize propel-
lant outage. Outflow was started and stopped by a Rockwood ball
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valve simulating typical engine start and shutdown transients
while flowrate was modulated by a Fisher butterfly valve con-
trolled manually from the test console. The existing baffles
used to control vortexing and the nondrop-out tank outlets were
designed for flowrates 15% higher than Phase III design flowrates,
providing ample margin for the MTI test conditions imposed. Flow
capability of the more critical oxidizer system is shown in Fig.
111-31.

Structure - Structure for the Phase III test system consisted
of the main propellant tanks, propeiiant tank supports, outflow
and service lLas:, catch tanks, anj a blast shicld, The al1min-!m
propellant tanks were of semi-monoque construction not designed
specifically for the Phase III test program but were obtained as
salvage items from the Titan I program and modified. Total vol-

ume of each tank was 278.4 ft3 , capable of a 1980 gal propellant
load. Level sensor locations were calculated for each of the two
tanks so that a 150-sec test run could be made with an initial
ullage of 5% in the fuel tank and 22% in the oxidizer tank out-
flowing at 78.3 and 156.6 Ibm/sec of fuel and oxidizer, respec-

tively. Level sensor ports at both the 5 and 22% ullage levels
were provided in each tank to allow tests to be run to determine
control system response with a minimum ullage in both tanks. The
tank capacities, when loaded for a bipropellant expulsion at a
2 to 1 oxidizer to fuel mass ratio, result in a 5% oxidizer ullage

and 22% fuel ullage, equivalent to 264.6 ft3 and 216.6 ft3, re-
spectively. Propellant tank operating and relief pressures were
discussed previously. Access ports large enough for a man to
enter were provided in each tank dome.

Propellant tank supports were designed for each of the tanks
to be used in conjunction with support skirts and handling rings
that were part of the tank structure. The tank supports were
designed to support 25,250 lbf and to resist wind loads to 90 mph.

A blast shield-catch basin structure was designed to physically
isolate the tanks and propellants in case of tank rupture. The
tank supports, blast shield and catch basin are shown in Fig.
111-32 and 111-33. The blast shield was designed using steel
plate and angle iron to be filled with sand after being erected.
The catch basin was designed to be partially filled with water
and extends only under the fuel tank. In case of both tanks
rupturing, fuel would be retained in thp steel catch basin and
oxidizer would fall through the grating shown at the left of
Fig. 111-32 into a concrete pit flushed with water.
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Legend:
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Fig. 111-31 Calculated Pressure Drop MTI Phase III Oxidizer
System
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Fia. 111-33 Phase III M~I Fuel Tank System and Catch Bauin
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C. PROTOTOPE FABRICATION

The MTI pressurization system prototype used for Phase III

testing consisted of two 278.4 ft3 flight weight aluminum tanks
mounted in a side by side arrangement with overpressure protection.
Pressurization was accomplished either by direct reagent injection

from a pressurizEd 0.523-ft3 supply or subsurface gas impingement
for cxidizer tank pressurization in a common ullage arrangement.
The Irimary fabrication effort was concerned with propellant tank
modifications and system assembly and installation at the test
site. Approximately 75% of the complete system fabrication was
performed in the Martin manufacturing facilities with the remaining
portion consisting of procured components and local machining done
on the tank supports. The test article was assembled at the Cold
Flow Laboratory Titan II System Test Area test stand. Figure
111-32 shows the prototype test assembly, the blast shield, and a
small portion of the test stand in the background.

Fabrication was started before the completion of Phase I test-
ing in order to cut down time between Phase I and Phase III test-
ing. Basic hardware was fabricated with sufficient capability to
incorporate any changes resulting from Phase I program recommenda-
tions. In order to facilitate possible late modifications, the
availability of existing tooling.checkout equipment permitted the
manufacturing to be done on the regular production line making
this operation less expensive. This enabled easy system modifica-
tion when the change from a common ullage system to bi-injection
was made. The common ullage ports were simply capped and a second
injector, fabricated for Phase I oxidizer tank use, was mounted in
the oxidizer tank dome in an existing port.

Items having a predominant effect on system thermodynamic char-
aeteristics were flight-weight while the remainder of the system
was relatively hoavy off-the-shelf type. The propellant tanks,
baffles, vent and relief valves, and pressure switches were flight-
weight. Emphasis was placed on obtaining surplus components and
materials in order to keep cost to a minimum. A list of compo-
nents used in construction of the Phase III MTI prototype is given
in Table 111-6.
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Table 111-6 Phes, III MIT Presurintion System Components

ITEM No. Reg Made By size capact Reerb.

leJection Subsastem

Injector I Spraying Systems 0.047-1.. in. Modtfied
Co. #24 AUA-898 J.to oriftio

diameter

injector Control k Marotta - SVI24 1/4-1.. Port Marotis 8202873

Valve 113k in. used on
Phase I

Regulstor I 1/4-tn. Port 150 psi%

Bleed aed Dmp I Macneta MV 100 WD f/4-in. Line few (
2

-ooy)
Valve

Shutoff Valve 1 Marotta MV 583K f/2-f. Lice iew (2-cay)

Fill Vnel I had Valve I/i-In. Live

RvRent Tenk I vriin #327B- u.523 ft
3  

Ttnn , Stage
70 0l5.029 t-0.079- It. Aeim ss oe

0 080-in.
lB-5.99 in.

Vent ond Relief I Marotte SV 153 1;2-1. Port {'-soe)
Valve

Belief Volve Pres- I Hydroelectric 38.5 pia Titv I Modified
sure Switch (Surplus)

Propellant Sub-
Sys tem

Fuel Tank I Fabricated-Martin 278.4 ft
3  

scrap Titan I,
lAB 600 32S0-059 stage It

Tank.-Repaired

Oxidizer Tank I Fabrsited-Martin 278.4 ft
3  

Scrap Titun S.
LAB 6003250-0 9 Stage 1?

Task.-kepatred

vigh Level Benr 2 Powerteon #fD Used on Phase 1
8330115-069

Lew Level Sensor 2 Potertron CPD Used on Phase I
$380115-069

Level Senor 2 Powertron #PD Used an Phase I
Controller 8380115-09

Sight Glass 2 Fabricated 4 in. ID Glass Tube and
sasketa
Corning Class
Works - Flanges
Fabricated

Coesn Ulse Line I Cold Flo 2-in, die

Laboratory

Isolation Valve I Ansic #CY 3M 14-in din CV23

Ap Seitch B Spiedel Electric 112 psi New-Spiedul
#105-D
IM] 6003232

Pressure Gentrl
Subsystem

Injector Pressue 1 ydro-B1eetric 36.0 tO.5 psia Used on Phase I

Switch P1 718006P 3/4 001

Relief Valve Pres- 3 fydro.electric 38.5 A8.5 peis
sure Siteh

Vnt and Relief I Calmer 3-in. Part Titan I
Valve. Pal PB4750128 Mdified

Vent and Relief 2 Calmes 3-le. Port Titan I

Valve. Oxidizer P M470128 Modified

Prepreasuization 2 Marotta MV 583K l/2-in. Port Mew (3-ay)
Shutoff Valves

Check Valve 2 Republic 1/2-in. Port

Th comaen ullasge subsystem Was designed but not used during Phase IlI testing. --
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Propellant Tanks - The Phase III MTI fuel tank came origi-
nally from the Titan I, B9 missile. The first stage of this
missile had been damaged in a liquid oxygen loading accident and
the second stage tanks released for structural testing. The
second stage fuel tank upper dome was burst during structural
testing and the tank was released as salvage. This tank and
another with a dented lower dome were acquired from salvage for
MTI use. The B9 missile tank was repaired but found to be struc-
turally inadequate for MTI use requiring the top dome from the
other salvage tank removed and welded to the B9 tank, The B9
tank was found to be satisfactory following minor patching, re-
placement of huck bolts, cleaning, and hydrostatic testing to
40 psig. This tank and the replacement upper dome were not chem-
milled. The dome wall thickness was 0.080 in., and the barrel
thickness was 0.125 in.

The Phase III MTI oxidizer tank was fabricated originally
for a flight-weight ground test Lot G series prototype missile
(GX). Following handling, erection, and other tests the second
stage fuel tank was released for acoustic tests. These tests
were to determine the effect of engine induced acoustic stress
because of in-silo starting of first stage missile engines.
This tank was subsequently obtained, through salvage, for MT1
testing. It required extensive cleaning to remove contamination
and a coating of paint inside the tank. Following minor patching,
replacement of huck bolts, and hydrostatic testing to 40 psig the
tank was found satisfactory for use as the Phase III oxidizer
tank. This tank was chem-milled with the following nominal thick-
nesses:

Chem-milled Areas Land Areas

Dome 0.049 in. 0.080 in.

Barrel 0.067 in. 0.125 in.

Each of the two propellant tanks were originally fabricated
from two 45-deg elliptical domes, 95-in. dia, welded to a 23-in.
long barrel section. Construction was welded skin-stringer type
with a floating ring for stabilization. Material was 2014-T6
aluminum. Dimensional characteristics of the identical propel-
lant tanks are shown in Fig. 111-34.
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Component Title Height Dist (in.) Vol(ft 3 )

A Oxcid High-Level Sensor 5%. H3 84.08 264.4

B Fuel High-Level Sensor 22%H. 68.09 216.6

C Oxid Low-Level Sensor H, 17.67 17.6

D Fuel Low-Level Sensor Hi 17.67 17.6

E Propellant Tank it14 94.68 278.4

04 H4  COST-) --P

Injector ON H 0Propellant
Port H 2 -- 1WOutlet

H1

95 in. dia

Sensing JPoint Sensing Point

View Looking Aft 3 6 91.6@ D View Looking Forward

22.98

(Tangency Pts)

Fig. 111-34 Phase III Tankage
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Ports in the upper dome of each of the propellant tanks were

provided as follows:

Vent and Relief Port - 3-in. dia Marman flange

Common Ullage Line - 3-in. die Marman flange

Injector Port - 12 tube size AN fitting

Prepressurization Port - 8 tube size AN fitting

Level Sensors

5% Ullage - 1.5-in. conoseal flanges

22% Ullage - 1.5-in. conoseal flanges

Pressure Switches

Injector Switch - -4 tube size AN fitting

Vent and Relief Switch - 4 tube size AN fitting

Instrumentation Ports

Tank Pressure - 4 tube size AN fitting

Tank Temperature - thermocouple fitting

The lower dome of the tanks used standard 4-in. ASA 150 lb raised-
face flanges for propellant outlets and 1.5-in. conoseal flanges
for mounting of low level sensors. The oxidizer outlet was con-
toured for drop out and cavitation elimination while the fuel tank
outlet was not. In addition, each tank had support skirts fusion
welded to the tank structure to provide a mounting surface for
handling rings that were used for both handling and mounting of
the propellant tanks. Baffles were provided in each of the tanks
to prevent vortexing. Figure 111-29 shows the baffle used in the.
oxidizer tank.

Injection System - The injectors were made from commercially
available #24 AUA-8980 chemical spray guns manufactured by Spray-
ing Systems Company. A picture of an injector as used in Phase
III testing is shown in Fig. 111-25. Modification involved putting
on extension tubes and operating rods to move the spraying tips
further away from the operating heads and provision of a reagent
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supply tube welded on near the spray tip. The pneumatic operating
heads containing a teflon piston and spring were not modified.
The orifice retaining nuts on the spraying tips were modified by
welding the retaining nut to a -12 male AN fitting to enable the
injector to be mounted in the tank by screwing it into a -12 fe-
male AN fitting.

Control of the injectors was provided by a pressure switch
mounted on each tank skirt controlling an injector control valve,
a -in. zolenoid valve. Tne fuel tank injector pressure switch
is shown at the top of Fig. 111-33 (small cylindrical object).

Reagent Supply System - The reagent supply system for each
of the two injectors was the same except for the reagent used in
each. Supply to the injector was through h-in. tubing and a i-in.
reagent shutoff valve. Filling of the reagent tank was accom-
plished through a k-in. tube and hand valve "T'd" into the reagent
supply line. The reagent tanks were 0.523-cu ft spheres with
0.080-in. walls. Three tabs welded to the tanks around a diameter
were provided so the tanks could be suspended from a load cell by
wire rope. A picture of the reagent tanks load cell, support
frame, and associated plumbing used in the fuel tank test is shown
in Fig. 111-23. Vent and relief functions were provided by a pres-
sure switch and solenoid valve. Pressurization of each reagent
tank was through a regulator and tubing "Ttd '' into the vent and re-
lief line.

Common Ullae System - Before completion of Phase I testing,
a 3-in. dia aluminum common ullage line joining the forward tank
domes was fabricated and planned for usage with a 3-in. dia Calmec
isolation valve on the Phase III system. Development of the com-
mon ullage concept during Phase I testing revealed that a smaller
diameter line was required in order to maintain a higher common
ullage gas velocity and also to introduce the gas below the oxi-
dizer tank liquid surface. Conscquently, a 2-in. dia stainless
steel common ullage line was fabricated to be used with a lk-in.
dia Annin isolation valve. In order to introduce gas below the
oxidizer tank liquid surface a subsurface gas injector was fabri-
cated as shown in Fig. 111-29. The subsurface gas injector was
an elbow welded into a spool in the propellant outlet line so
that the common ullage line ran concentrically up the propellant
outflow line and ended in a gas diffuser mounted in the center
of the baffle. Figure 111-28 shows how the spool piece containing
the subsurface gas injector fits between the two flanges provided
initially for the sight-glass. The upper diffuser support disc
also provides an injector splash plate for use with the direct
reagent injection system. When the test system was changed to
dual reagent injection the common ullage line was set aside for
possible future use and the common ullage ports on each tank were
capped.
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Pressure Relief System - A separate vent system was used for
each tank, fabricated from 3-in. dia aluminum tubing as shown in
Fig. I1-24. The pressure relief system for each tank was con-
nected to a 3-in. dia Marman flange on the propellent tank, ran
vertically about 12-in. to aui elbow, and attached to a 3-in. dia
Calmec vent and relief valve through 14-in. of bellows. The fa-
cility plumbing consisted of a horizontal section of pipe 8 ft
long connecting the existing lines on the second floor ot Cell 6
and up to the Cell 7 vent and relief package and vent stack on
the third floor. When the test system was changed to a bi-
injection system, the relief valve requirement was changed to
one per tank.

Relief valve pressure switches were obtained from surplus,
modified to act as gage pressure switches and adjusted to the
actuation pressures required. The pressure switches, mounted
on the skirt of each tank as shown on the fuel tank in Fig. III-
24 (lower left on skirt), sensing tank pressure through a k-in.
tube, controlled the pneumatically operated vent and relief valve
through a relay and pilot solenoid valve integral with the vent
and relief valve. Surplus Calmec liquid oxygen vent and relief
valves (PD47S00128) were obtained from surplus and modified for
storable propellantusage. Brass main shaft bushings were re-
placed with aluminum bushings and the automatic vent feature of
the valve was blocked off.
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IV, PHASE III PROGRAM

The Phase III program encompasses the development testing of
a full scale, flight weight, low pressure MTI Pressurization
System, the design and fabrication of which was accomplished in
Phase I. The overall objectives of the Phase III program are to
demonstrate the feasibility of the MTI system in flight-weight
tanks; to accumulate data to show reliability, repeatability,
and performance; and to provide design data for future system
development. The following paragraphs describe the system con-
figuration and the development and demonstration tests conducted.

A. SYSTEM CONFIGURATION

The test system was assembled at the Cold Plow Laboratory
Titan 11 Systems Test area on the east side of the systems test
stand. The two propellant tanks were mounted side by side with
a sand-filled blast shield between them. The propellant tank
support frames were mounted on the blast shield support struc-
ture, which also contained a fuel catch basin and oxidizer spill
trough. The whole test assembly was mounted on steel gratings
over a concrete propellant catch pit. Outflow lines from the
propellant tanks ran in opposite directions to stainless steel
catch tanks mounted approximately 15 ft below the propellant
tanks. Figure 111-21 shows the general arrangement of the test
system.

1. Test Article

The pressurization system tested was the dual-reagent injec-
tion system described in Chapter I1.B.2. Because of the haz-
ardous nature of the full-scale system test program, each of the
2000-gal. propellant tanks were tested separately. Capability
was provided for helium initial pressurization of the 5% ullage
volume. Both fuel and oxidizer systems were essentially iden-
tical, each having a similar pressure relief, injection, and
control system configuration. Propellant expulsion rates were
controlled remotely during the nominal 150-sec test, with pres-
surization maintained at 36 psia by a solid-stream surface,
reagent-injection system. A complete propellant expulsion was
accomplished by discharging the residual propellant by a poly-
tropic gas expansion process after injection termination.
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The injection system was a pressure switch-controlled, pulse-
type system with a pneumatically operated injector. The reagent
was supplied from a gas-pressurized tank, which was instrumented
for the determination of reagent consumption. Capability was
provided for shutoff or dump of the reagent in the event of an
injector malfunction. Performance tests were completed with
variable propellant outflow, restarts and continuous operation to
demonstrate complete system capability.

2, Control Console

The control console used for Phase III testing was located
in the Cold Flow Laboratory blockhouse approximately 100 yd from
the test area. It provided remote control for all test phases,
including propellant loading, pretest pressurization, and auto-
matic test sequencing. Reagent loading, performed on the test

article, was not included in the remote-controlled capability of
the test console. Important control and operating parameters

were monitored by gages and direct-readout recorders while a
light indication was provided for important valve positions.
Visual coverage was provided by two remote-controlled television
cameras. The console provided malfunction detection capability,
with automatic shutdown in case of over-pressurization and
manual shutdown in the event of control irregularities. The en-
tire system has been designed, as much as possible, to be fail-
safe during any part of the test operation. The control console
is shown in Fig. IV-l.

3. Instrumentation

Data taken during Phase III testing were recorded by two
Sanborn six-channel recorders, fvvc Bristol single-channel re-
corders, eight Dynac single-channel recorders, and one 78 channel
Brush event recorder. Parameters recorded, ranges, symbols,
and transducers used are tabulated in Table IV-l. Figures IV-2
and IV-3 give the location of transducers on the Phase III system.

Pressures were measured with Data Sensor and Tabor pressure
transducers. Propellant tank pressure and reagent-injection
pressure were of primary importance. Propellant tank gas tem-
perature was measured with a chromel-constantan shielded thermo-
couple mounted so it protruded approximately 1 in. inside the

upper dome wall. Three unshielded chromel-constantan thermo-
couples were spot-welded to the outside of the tank upper dome
to measure tank wall temperatures at a location of varying skin
thickness. Propellant temperature was recorded 23 in. below the
tank outlet in the outflow line to establish the condition of
the discharged propellant.
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Potter turbine -- type flowmeters, used for flow measurements,
were connected to digital direct readout Dynac recorders. Re-
agent usage was measured and recorded by suspending the reagent
tank from a Baldwin-Lima-Ramilton 50-lb load cell connected to a
Bristol direct-inking recorder. The load cell-tank suspension
arrangement is shown in Fig. 111-23.

Combustion gas composition data were obtained with a simple
gas-sampling apparatus similar to that used on the Phase I test
article. Analysis of the gas samples was accomplished at the
National Bureau of Standards Laboratories in Boulder, Colorado,
using a mass spectrometer.

B. DEMNSTRATION TEST SERIES

A reduction in the planned developmental effort on the
Phase III (TI Pressurization System was realized because of the
initial success of the system that evolved from an extensive
Phase I experimental program. Consequently, a single verifica-
tion test of the complete system was performed before initia-
tion of the demonstration test program. The development and
functional testing of the individual components and subsystems,
however, required a significant effort because of the changes in
subsystem design and test technique of the larger system. A
sumnary of the developmental work performed is contained in the
following paragraphs.

1. Component Tests

These tests were to verify adequate strength, actuating re-
sponse, and leakage of the individual components before their
installation into various subsystems. In some eases, namely the
injector and pressure switches, some development effort was re-
quired to achieve the desired adjustment or level of performance.
A parts list giving component make, model number, and size is
given in Table 111-6.

Solenoid Valves - Solenoid valves tested were for prepres-
surization, injector control, and reagent control. %hey were
proof-tested to 750 psig and tested for leakage using soap
bubbles with GN2 at 500 psig applied to the inlet port. Allow-
able leakage was 10 SCCM from outlet port and no visible leakage
externally. Actuation of the valve was to be smooth, with no
evidence of hanging up or excessive electrical requirements.
Each of the solenoid valves passed the tests successfully.
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Check Valves - Check valves to be used in the prepressuriza-
tion lines were tested for proof pressure at 750 psig. External
leakage was checked using GN2 at 30 psig applied to the inlet

port. No visible leakage was allowed using soap bubbles. Re-
verse flow leakage was checked using GN2 at 24 psig applied to

the inlet port. A maximum of 10 SCCM reverse flow leakage was
allowed. Cracking and reseat pressure was to be less than 3
psig. Both check valves successfully passed the test require-
ments.

Vent and Relief Valves - Vent and relief valves were tested
following modification as described in Chap III.C.5. Tests con-
ductud and results are tabulated in Table IV-2.

Table IV-2 Phase III Vent and Relief Valve Test Results

Results
Item tested

Test Applied PD47S0128 PD47S0128 PD47S0128
Leakage at outlet port with GN2  SIN DI S/N 0000113 S/N0000161

100 SCC1 at 7000 SCCM at 10,000 SCCM
pressure applied to 3-in. inlet 10 psig 25 paig at 25 psig
port

Actuation, closed to open and Smooth Smooth Smooth
open to closed several times

Position switch actuation Good Good Closed posi-
when valve actuated tion good;

open posi-
tion bad

Pilot solenoid operation and Good (0.5 Good (0.5 No good
current draw at 28v dc amp) amp)

Reagent Storage Tank - The reagent storage tank was proof
pressure tested at 750 psig, leak checked at 650 psig, and was
found to be satisfactory following repair of a small leak near
the top fitting. Leak testing was performed by pressurizing to
650 psig with water and monitoring tank pressure for 2 minuter.
No pressure was observed.
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Pressure Switches - Pressure switches, except injector con-
trol pressure switches, were checked for leakage and actuation
pressures using a Wallace and Tiernan 0 to 40 psi, two-turn
pressure gage. Because the same injector pressure switches were
used for both Phase I and Phase III, no additional checkout was
required. No leakage was observed on any of the pressure switches.
Actuation pressures are listed in Table IV-3.

Table IV-3 Phase III Pressure Switch Test Results

Pressure
Switch Increasing Decreasing

Relief Valve Pressure Switches

PD71S0066-023 S/N 042 27.25 psig 27.74 psig

PD71S0066-023 S/N 065 26.60 psig 26.11 paig

PD71S0066-015 S/N 006* 26.65 psig 26.35 psig

PD71S0066-015 S/N 007* 26.64 psig 26.22 psig

Injector Control Pressure Switches

PD71SO067-001. S/N 26.0 psig 25.5 psig

PD71S0067-001 S/N

Differential Pressure Switch

Spiedel No. 145-D S/N 101 0.65 paid 0.35 paid

*Not Used

Injector - The injector was rebuilt following completion of
the Phase I experimental program. It was used to develop an
injector orifice that would provide a good solid stream of liquid
when operated at various supply pressures. Phase I testing dem-
onstrated the importance of injecting a solid stream of reagent
rather than a spray. Consequently, additional effort was de-
voted to development of such an orifice. Testing consisted of
flowing water at various pressures through the injector and ob-
serving the resulting spray pattern.
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The initial tests were performed with a scaled up version of
the 0.013-in. dia orifice used in Phase I testing as it had pro-
vided a good solid stream of liquid. Injector tips were machined
with 0.040-in. dia orifices having different L/D ratios as shown
in Fig. 11-53. The lower L/D ratio appeared to improve the spray
pattern but it was not ;uatisfactory. Other configurations, as
shown in Fig. 11-53, were tried with little success. Finally, a
0.047-in. dia injector tube was made with an extremely large
L/D ratio (64) and tested. It showed considerably better results,
so another was made and a series of tests performed. They showed
a lowering of the L/D ratio each time until the configuration
shown in Fig. IIT-26 was obtained (L/D - 64). The solid stream
provided was much better than any other orifice tested so it was
selected for the Phase III system. Following the orifice tests,
the injector was cleaned and a new actuating rod lapped to the
new orifice. The injector was leak checked with GN2 and soap

bubbles, with no visible leakage. A second injector, identical
to the first and used in the Phase I oxidizer tank, was rebuilt,
tested, and found to be satisfactory for Phase III oxidizer tank
tests,

2. Subsystem Tests

Tests were made on each of the subsystems to verify their
proper operation before final connection and integration into a
complete test system. A verification of injection system opera-
tion was particularly important because of the increase in size
and distance of the reagent supply from the test article over
the Phase I configuration. The demonstration of proper subsystem
operation also provided a calibration of both the reagent injec-
tion and propellant control systems before an MTI-pressurized
propellant expulsion. The subsystem tests described in the fol-
lowing sections were divided into three main areas: injection
systems pressure control system, and propellant system.

Injection Subsystem - The injection subsystem was tested by
filling the reagent storage tank, pressurizing it, and flowing
reagent through the injector with the injector mounted outside
the propellant tank. The tests were made to verify the system
flow capacity, reagent control valve operation, and injector op-
eration. The load cell measuring reagent usage was also cali-
brated to assure a 27 accuracy. Following modifications to the
fuel tank injector supply line to eliminate excessive pressure
drop, the injection subsystem was considered satisfactory for
use.
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3. System Tests

The MTI Pressurization System development tests were conducted
at the Martin Cold Flow Laboratory Titan II Systems Test Area.
Tests were run to demonstrate the feasibility of the MTI tecnique
for flight weight propellant tank pressurization and to accumu-
late sufficient data to establish performance, repeatability, and
feasibility. The tests were also to provide guidelines for fu-
ture missile applications. Five tests were performed on the fuel
tank during June 1963, and two tests were run on the oxidizer
tank. Fuel tank tests were in two categories, including one ni-
trogen and four MTI pressurized propellant expulsions. Because
of the independent nature of the fuel and oxidizer tank systems
when using the bi-injection technique, it was possible to test
each tank separately. The following paragraphs describe the com-
plete system tests conducted and the results obtained. The de-
scription of tests conducted is given with no specific reference
to either fuel or oxidizer because the same tests were run sepa-
rately on each tank.

Inert Pressurization - Inert pressurization tests were con-
ducted using GN2 supplied through the prepressurization lines to

check the operation and capability of the complete system before
a hot test. The reagent tank was not filled, and the reagent
shutoff valve remained closed. Before filling the propellant
tank, a functional check of the system was made by actuating all
valves and the injector from the test console, and checking their
operation on the test article. The propellant tank was then
filled with propellant, checked for leaks, and pressurized to op-
erating pressure. The outflow modulating valve (butterfly valve)
was set at a position corresponding approximately to design out-
flow rate. The outflow shutoff valve (ball valve) was opened and
outflow rate adjusted to design flow rate by adjusting the modu-
lation valve. Flow commenced until the low level sensor sig-
nalled the shutoff timer to start. Then a check was made to
determine if the injector control valve was signalled by the low
level sensor to close.. Following the preset interval, the shut-
off time caused the outflow shutoff valve to close. Pressure was
vented from the tank; the outflow shutoff valve reopened, and
the residual propellant was drained from the tank into the catch
tank.

Fuel Tank Results - Fuel tank pressure was set at 32 psia be-
fore the test (Test 1). Fuel outflow rate was held at 610 to
620 gpm for 163 see. The low level sensor then started the timer
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Pressure Control Subsystem - The pressure control subsystem
was tested by pressurizing each piopellant tank with nitrogen
to various levels to verify actuation of the vent and relief
valves, injector control valve, and proper functioning of the
prepressurization system. The helium prepressurization system
was used to pressurized the propellant tanks individually. Pres-
sure in the propellant tank was increased until the injector
pressure switch opened, causing the injector control valve to
close. The pressure was then decreased until the injector pres-
sure switch caused the injector control valve to open. This
was done to determine if the injector control valve closing point
was within 36 ± I psia and if the dead band between open and
closing points was 0.5 psi maximum. Pressure was then increased
until the relief valve pressure switch opened, causing the relief
valve to open. The tank pressure decayed through the open relief
valve. When the valve closed the pressure was noted. The pres-
sure at which the relief valve opened was 38.5 ± 0.5 psia with
the dead band between open and closing points of 0.5 psi maxi-
mum. Actuating pressures for the fuel tank were:

Injector control: open -37.3 psia, closed -37.8 psia;

Relief valve: open -39.3 psia, closed -38.8 psia.

The injector control actuating preasures were 0.8 psia higher
than anticipated but were considered satisfactory.

Propellant Subsystem - The propellant tank was partially
filled, and the outflow control system was checked for proper
operation by flowing propellant out of the tank into the catch
tank. Outflow control valve operation and visual observation
through the propellant tank outflow line sight-glass were
checked. It was found that a television camera viewing the
outflow sight-glass gave a clear indication anytime there were
bubbles in the fuel tank. The sight-glass was omitted from the
oxidizer tank with the installation of the common ullage con-
figuration.

A check for leakage was performed by filling and pressuriz-
ing the tank to 26 psig. Several leaking huck bolts were found
on the top dome along with leaking sight-glass flanges and a
patch leak on the tank barrel section. All except the patch
leak and about three buck bolt leaks were completely stopped.
Pressure decay data were taken before each MTI test run so test
data could be corrected to account for leakage. The level sen-
sors were checked and found to be functioning properly.
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and signalled the injector control valve to close. Six sec later
the time caused outflow to stop. The tank pressure was vented,
and the residual propellants were drained from the tank. No cavi-
tation or vapor entrainment was observed during the test in the
outflow sight glass. No discrepancies were observed in the test
system during the inert pressurization outflow test, verifying
that the fuel tank system was ready for MT1 tests.

Oxidizer Tank Results - The inert pressurized propellant ex-
pulsion was not required for the oxidizer tank, because system
verification was achieved during prepressurization in the initial
1TI tests.

MTI Pressurization Tests - MTI pressurization tests were con-
ducted with the complete system assembled as described in Chapter
IV-A. The fuel and oxidizer tanks were tested independently,
however, identical test procedures wore employed. A constant
outflow test for approximately 150 sc and a restart test with
variable propellant outflow and system shutdown for 10 min after
60 sec of constant pressure propellant expulsion were made.
(The latter test was to simulate a vehicle coasting without pro-
pulsion.) Following the 10-min coast period the injector was
returned to automatic control to repressurize the propellant tank
before restarting propellant outflow. Run termination by use of
the low level sensor and outflow shutoff timer was the same for
both tests.

A functional test of the test system was made before loading
propellant and after notifying safety personnel and obtaining
test clearance from environmental control concerning weather con-
ditions. The reagent tank was filled after verifying that the
injector was closed. During filling, the reagent tank air was
bled out of the injector through the reagent isolation and bleed
valves. The reagent tank was then pressurized and the pressure
was monitored to be sure the injector was not leaking. Following
this determination, reagent tank pressure was vented and the
test area was cleared of personnel except for two cell techni-
cians. Propellant was loaded through the 2-in. dia propellant
return line T'd into the 4-in. dia outflow line just below the
propellant tank outlet. Rate and total propellant flow were
monitored by the propellant return line flowmeter. Level sensors
were used to confirm that propellant tanks were accurately loaded.
Following propellant loading, an inspection was made for leakage.
The outflow shutoff timer was set for 6-sec delay; the outflow
modulating valve was opened to a position corresponding to the
required flowrate, and the propellant tank was pressurised with
helium to approximately 37.5 psia. Another leakage check was
made by monitoring the propellant tank pressure decay. Pressure
changes observed were recorded for use in adjusting test data.
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The reagent tank was gradually repressurized while watching
propellant tank pressure for any indication of reagent leaking
through the injector. The reagent isolation valve was opened,
and the reagent bleed valve was cycled to assure elimination
of entrained vapor in the reagent supply system. The injector
control switch was moved from closed to automatic position on
the test ennsole after verifying that propellant tank pressure
was approximately 37.5 psia. At this point the system was ready

for countdown.

During the countdown data recorders and cameras were turned
on and the test was initiated by opening the propellant outflow

shutoff valve. The injection system operated automatically to
maintain propellant tank ullage pressure between 37 and 38 psia
until injection was terminated by the low level sensor. Propel-
lant outflow rate was monitored by Dynac digital recorder and
adjusted manually by the Swartout Autronic System. Tank wall
and gas temperatures were visually displayed by Bristol recorders
to verify adequate temperature control. Television and photo-
graphic observation were provided for general system inspection
and were specifically provided for detecting vapor entrainment
in the propellant at the outflow sight-glass. Propellant tank
overpressure protection was provided by the test console. In the
event of a malfunction automatic corrective actions would have
resulted in a shutdown.

Following outflow termination by the outflow shutoff timer,
propellant tank pressure was vented and residual propellant
drained slowly from the propellant tank. Propellant tank pro-

sure was monitored during outflow to prevent ta:nk implosion re-

sulting from propellant draining and temperature reduction.

The reagent isolation valve was closed and the reagent tank
drained and vented. Reagent was bled from the injector and a
nitrogen purge initiated to clear the injector of reagent and
fumes. The propellant tank was then purged with hot nitrogen by
flowing it in through the propellant fill line. A propellant
sample was obtained manually from the catch tank after each run.
Propellant was stored between test runs in the catch tank by
maintaining a 5 psig nitrogen blanket in the tank. After com-
pletion of the tests the propellant was stored briefly in the
catch tank with dry ice on the dome to prevent boiloff and sub-
sequently returned to the facility for reuse at the direction
of Edwards Air Force Base since the propellants were still with-
in specifications.
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Fuel Tank Results - Four fuel tank MTI pressurization tests
were conducted on 11 and 12 June 1963. Three of the tests were
constant outflow runs and the fourth was a restart test in which
propellant outflow and injection were shutoff for 10 min after
70 sec of operation. All four tests were completely successful.
The first of the three 150-sec constant outflow runs was con-
sidered a development test to verify injection system capability
and to allow adjustment of the reagent supply pressure and pro-
pellant flowrate. As a result of the initial success, the re-
maining two constant fluw tests and the restart test were
identified as demonstration tests in which the Martin Quality
Control orgnnization was responsible for data verification. The
results of the four tests conducted on the fuel tanks are dis-
cussed in the following paragraphs.

Test data for the three constant flow runs (Tests 2, 3, and
4) are shown in Fig. IV-4 thru IV-12. No vapor entrainment in
the propellant was observed in the outflow line and there was
no noticeable vibration; however, a sound recording made of the
combustion process indicated moderate detonations, Maximum
propellant tank wall temperatures ranged from 228 to 266*F, the
difference being caused by the initial ullage and the amount of
sunlight incident on the tank dome, Test 2 (the initial MTI
pressurization test) was with a 227. initial ullage, 620 gpm pro-
pellant outflow rate, and a 175 psig reagent injection pressure
maximum wall temperature of 2280F. Tests 3 and 4 had a 57 ullage
volume, 680 and 750 Spm propellant outflow rate, respectively,
and a 100 psig reagent injection pressure indicating maximum
temperatures of 246 and 3660F. The alight variation in wall tem-
perature being due to differences in the amount of solar radia-
tion as evidenced by the higher initial wall temperature for
Test 4. As noted in the instrumentation section, wall tempera-
tures were taken at three different locations on the tank dome.
In each of the fuel tank tests all three of these dome tempera-
tures were within 7*F. Temperature of the fuel tank gas (Tgft)

was recorded to be approximately 50*F below tank wall temperature
on each of the runs. This apparent divergence in tank tempera-
tures has not been explained. The thermocouple was checked and
calibrated before each run and rechecked against a bulb thermom-
eter in air following the tests. Each check showed the t-2r.,u-
couple and readout equipment operated accurately. Temperature
increase in the fuel at the tank outlet was a maximum of 7*F.
Part of this variation was a decrease of 1 to 2*F during the run
because of propellant stratification. The remaining variation
reflected an increase due to heating from the MTI reaction.
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Because of the close tolerance between injector operating
pressure and relief valve actuation pressure, injector operation
would commence when the system was in the automatic mode. This
occurred because the amount of prepressurization was generally
within the operating pressure control range because of minor
system gas leakage. Leakage from the propellant tank was checked
before each test run and was found to be between 0.048 psi/sec
to 0.12 psi/sec at 38 psia tank pressure when prepressurized
with helium. Pressure control at the start of each test was
within +1.0 psi and -0.4 psi maximum with variation decreasing
during each run as ullage volume increased. Pressure control is
indicated in Fig. IV-5, IV-8, and IV-l by a high and low limit
envelope of the pressure trace. At no time during the tests did
an uncontrolled pressure surge occur in the fuel tank. A sketch
of a typical pressure cycle during the first few seconds of a
test is shown in Fig. IV-13. Reagent injection pressure was 175
psig decaying to 146 psig for Run 2, 93 psig for Run 3, and 84
psig for Run 4. Injection pressure was reduced because of the
lower than anticipated reagent usage.

Reagent consumption was 2.6 to 3.2 lb as determined by the
reagent tank load cell. This measurement was also checked by
manually intergrating the injector control pressure traces to
obtain injector on time and multiplying this time by the injec-
tor flowrate obtained from an injector calibration curve for
the 0.047-in. dia nozzle. The result verified the load cell
readings noted above. Injector cycling rate (Fig. IV-14) varied
from a maximum of 2.5 cps to 0.8 cps; the maximum rate occurred
at the start of each run, and decreased as the propellant was
expelled because of the larger ullage.

The restart Test 5 was conducted in the same manner as the
constant flow tests except that both outflow and injection were
shut off for a period of 10 min after 65 sec of constant outflow.
Propellant shutoff was controlled so that it occurred over a
period of 9 sec rather than approximately 3 sec as in the pre-
vious tests. This was done to determine the effect on injector
operation under throttling conditions. During the 10-min coast
period tank temperatures and pressure were allowed to decay.
Following the 10-min coast period the injector was returned to
automatic control to repressurize the propellant tank after which
outflow was re-established.
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Fig. IV-13 Typical Pressure Cycle at 5%' Ullage
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Data for the restart test are shown in Fig. IV-15 and IV-16.
During the coast period, tank pressure decayed to 25.5 psia be-
cause of decreasing temperature and leakage from the tank. Wall
temperatures decayed to 128*F. After energizing the pressuriza-
tion system, following the coast period, the injector stayed on
continuously for 3.9 sec to increase tank pressure from 25.5 to

36.8 psia. The ullage volume is approximately 140 ft3 at this
time. No pressure overshoot or temperature spikes occurred dur-
ing the repressurization process. Variation in outflow rate, as
in outflow termination, had no effect on injector performance
except to change the injector cycling rate. Reagent usage during
the repressurization process was 0.4 lb. Reagent consumption for
the entire run was 2.9 lb. The actual pressure trace for this
run is shown in Fig. IV-17.

Tank wall temperature was 233*F maximum for the restart test.

Propellant temperature at the outlet decreased 1.8*F during the
first 30 sec of the test run and increased during the final 50
sec by 6.3*F. No system vibration or bubble entrainment in the
propellant was observed on the television monitor. A sound re-
cording was made during the test by fastening an intercom head-
set to the outer tank wall above the high level sensor. The
tank reaction makes a considerable amount of noise as it could
be heard approximately 100 yd from the test site while testing

was in progress.

Gas sampling was accomplished using the same equipment and
technique used during Phase I testing. Two samples were taken
follwoing the completion of the restart test and analyzed at the
National Bureau of Standards in Boulder, Colorado. The results
were as follows on a helium free basis:

Combustion Products Volume (%)

N2  32.5

H2  30.9

CH4  15.5

NH 3  14.9

NO 1.4

CO 2  0.2

UDMI 4.6

IV-29
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Molecular Weight of Combustion Products = 15.98

Molecular Weight of Ullage Gas - 17.02

Molecular Weight of Ullage Gas (No Helium) = 18.00

Propellant analysis was performed at the Martin Quality Control
Laboratories as described in Chapter IIC2. The fuel was found
to be within specification limits after completion of four full
duration tests and subsequently returned to storage.

Oxidizer Tank Re-ults - The initial oxidizer tank MT1 pres-
surization test was performed on 13 September 1963. Pressuriza-
tion during the 150-sec continuous test was achieved by direct
fuel injection through the 0.047-in. dia, solid-stream injector
nozzle. In general, the performance was good and quite similar
to the fuel tank. All critical parameters were recorded except
for the ullage gas temperature and propellant flow rate. Approx-
imate values have been determined for these two parameters, how-
ever. They are based on tank wall temperature measurements and
propellant level sensor indication, Photographic observation of
the system during the run was also achieved, as well as a sound
recording of the actual pressurization process.

The results of the initial ozidizer tank MTI test (No. 6)
are shown in Fig. IV-18 thru IV-21, This test was performed with
the initial 5% ullage prepressurized with helium to 38 psia. A
leak check before test initiation indicated a pressure decay of
approximately 2 psi/min. Instrumentation locations are indicated
in Fig IV-2 and IV-3 with a tabulation of the nomenclature con-
tained in Table IV-l. A headset installed on the propellant tank
forward skirt indicated moderate detonations from the reaction.
No vibration was observed, however. The sound has been described
as analogous to rapid helium pressization of the ullage.

Pressure control was within 37.5 + I psia at the start of
the test and narrowed to ±0.25 psi near the end. Injector fre-
quency (5 cps) was higher in the fuel tank and diminished to 2
cps toward the end of the test. The maximum wall temperature
of 267*F was obtained from the No. 3 position on the tank dome,
with a range over the surface to 234*F. Because of solar heat-
ing, the average initial tank wall temperature was 1000F, with
an ambient temperature of 81*F. A 17*F rise in propellant tem-
perature was detected during the run, which reduced the pres-
surization requirements somewhat. Reagent consumption was lower
than anticipated at 3.3 lb, resulting in only fair pressure con-
trol due to the oversized injector.

IV-32
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Fig. IV-20 Run 6 Phase III Oxidizer Tank Pressurization and
Propellant Flowrates
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Average propellant flowrate was determined from the 158-sec
duration of the test and volume between the liquid level sensors.
Propellant analysis performed on oxidizer specimens taken before
and after the test indicated a negligible increase in water con-
tent. The entire propellant was then returned to storage at
direction of the procuring officer. Chemical analysis conducted
on a gas sample taken after the test indicated the following com-
position on a helium-free basis:

Constituent Volume CL)

NO 59.75

N2  26.05

H 2  Trace

02 6.47

CO2 6.06

H20 1.25

N1l 3  0.42

Combustion product molecular weight was 30.63 with a total gas
molecular weight of 38.28 or 39.81 with no helium.

A second test was performed on the oxidizer tank September 17,
1963. System configuration was identical to the previous test
except for replacement of an inoperative vent and relief valve,
repair of the propellant flowneter, and replacement of the pro-
pellant tank ullage thermocouple. The planned test procedure
incorporated a 10-min coast period after the first 60 sec of
variable outflow operation. It then resumed outflow at a vari-
able rate until propellant depletion. A loss of propellant flow
indication prevented an accurate indication of the flow adjust-

ment achieved, but modulation was believed less than 20%. In
general, the performance was good and quite similar to the fuel
tank restart test except that several seconds lapsed before re-
sumption of propellant flow following the 10-min coast. All

critical parameters were recorded except for the loss of the
propellant flow rate and one tank wall thermocouple. A sound
recording of the MTI pressurization process was also made in the

same manner as was accomplished on the fuel tank.
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The results of the oxidizer tank restart test (No. 7) are
shown in Fig. IV-22 thru IV-24. The initial 5% propellant tank
ullage volume was prepressurized with helium to 38 psia. A leak
check before test initiation indicated a pressure decay of ap-
proximately 1.5 psi/min. Instrumentation was the same as the
previous test except T was located 6 in. inside the tank for-got
ward dome and 2 ft radially from the injector. The headset was
installed on the forward (tomc for this run to obtain better sound
definition. Again no vibrations or pressure surges were noted.
Pressure control was within 37 + I psia at the start of the test,
decreasing to 37 + 0.25 psi after 20 sec. Injector frequency was

5 cps initially and diminished to 2 cps after restart. The max-
imum wall temperature of 216*F occurring at shutdown was obtained
from the No. 1 and 2 positions on the tank dome. Initial wall
temperatures were between 72 and 84'F due to the solar heating
effects. Ambient temperature was 79*F, with the initial ullage
temperature 74'F and propellant temperature 56*F. A 20*F rise
in propellant temperature was detected during the run, which in-
creased the amount of propellant vaporization with resultant de-
crease in reagent consumption. The relatively high final gas
temperature of 326*F results in almost complete dissociation of
the vaporized propellant and a low reagent consumption of 3.4
lb. During repressurization, 0.4 lb of reagent was required to
bring the ullage pressure up from 27.1 psia to 37 psia in 7 sec.

An average propellant flow rate of 129.36 lb/sec was deter-

mined from the 174-sec test duration and 246.8 ft3 volume between
level sensors. Results of the propellant analysis performed at
the Martin Quality Control Laboratories indicated the oxidizer
water content increased from 0.06% before Run 6 to 0.174 after
Run_7 (0.20 max Spec AGC-44055A). No analysis of the pressur-
izing gas was performed on this test,

Phase III Data Summary - Satisfactory pressurization of the

279 ft3 flightweight aluminum propellant tanks has been demon-
strated by the direct injection of nitrogen tetroxide into the
50/50 UMM hydrazine fuel blend and vice versa with the pulse
mode, solid stream, surface injection system. Pressure was con-
trolled to within ±0.7 psi at 37 psia with the 57, initial ullage
volume in each propellant tank. The control band decreased to
±0.25 psi after approximately 20 sec of operation with the in-
creasing ullage. Four MTI pressurization tests were made on the
fuel tank and two on the oxidizer tank. Of the tests performed,
all were of 150-sec nominal duration, with one test on each tank
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designated as a restart test. During the restart test, pressur-
ization system capability was demonstrated by varying the propel-
lant outflow rate, repressurizing after the 10-min coast period,
and employing an injector shutoff sequence before propellant-flow
termination. In all of the tests, adequate thermal protection

was achieved because of the inherent regenerative cooling capa-
bility of the main propellant. In addition, no pressure surges
or entrained vapor were detected at the expelled propellant. A
summary of the data obtained is presented in Table IV-4.

Table IV-4 Phase III Demonstration System Test Results

,AT Gas AT Liquid AT Wall Cu, Prod. p Pressure Cent S Tujoctor
Type Ran ('F) ('F) ('F) Hole, Wt. (lb) (pal) (M Frequency (cps)

Surface Solid - 37 palo N/A 6 131
(150-sec contLnuous) (72 tu-a) (228 ma) N/A 2.5 0.7 1.02 1.6 to 0.8

Surface Solid - 37 pta NIA 10 152 N/A 3.L tO. N/A 2.5 to 1.0
(I50-ae contLttIus) (76 ta.) (246 -ax)

SLtrface Solid - 37 pala N/A 5 232 N/A 2.5 40.7 N/A 2.6 to 0.9

(150-sec continuous) (70 .a) (266 !uX)

Sarface. Solid - 37 polo 8/A 8 128 16.0 2.8 +0,7 0.72 2.5 to 0.9
(Restart Test) (82 tan) (222 -on) 18.0 (Total)

OuldLzer Tank

Surfae Solid - 37 polo N/A 3 174 30.6 3.3 t0.7 0.06 4.6 to 1,8
(00-te- cnt..o....) 153 nu) (746 tun) 39.8 (Total) (tefere

Test)

Surface Solid - 37 pala 250 20 130 I/A 3.4 +0,7 0.17 4,7 Lo 1.7

(Rtutr Test) 325 @ Fs2 (75 .a) (215 oa.) (After
t. 357 -n 2nid Test:

aT T + 70

MIA - Mot Avat.4bl2
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V. PHASE IV PROGRAM

The final portion of the MTI program involved the analysis and
interpretation of the Phase I and Phase III test data, with the
basic thermo-chemical relationships compiled in the form of a
Design Handbook. Results of the Martin test programs have been

compared with theoretical predictions and previous data reported
under AF04(611)-6087 to establish the extent of correlation and
to verify the accuracy of performance prediction. An MTI mathe-
matical model formulated on the IBM 7094 digital computer was
used to predict the Phase III pressurization system performance
as well as to determine the feasibility of adopting an MTI pres-
surization system to the Titan II and Titan III transtage. A
cost, weight, and reliability analysis of the possible Titan mis-
sile application of an MTI pressurization system with preliminary
design schematics has also been completed to aid in the evaluation.

A. CORRELATION OF TEST DATA

The MTI pressurization system test results have been reviewed
to determine correlation and accuracy of predicting performance
of future flight systems. Test data for the Phase I Martin test
program under Contract AF04(611)-8198 have been compared with
Lockheed's previous work resulting in Contract AF04(611)-6087. The-
oretical performance predictions obtained with the IBM-7094 mathe-
matical model are compared with the Phase III data only, since the
Phase I test data were used to establish the proper heat and mass
transfer coefficients.

The Phase I tests were performed on a 5.33 cu ft spherical
aluminum propellant tank with 5/8 in. thick walls and on a 279
cu ft aluminum cylindrical tank with eliptical domes and walls
averaging 0.075 in. thick. The Lockheed test article was a 1.0
cu ft, thick walled stainless steel tank. System operating tem-
peratures reported naturally show some divergence due to differ-
ences in heat capacity, initial temperature, and duration of
exposure for the various systems. Theoretical performance is
compared with the Martin data only, since the exact physical
characteristics and method of operation of the Lockheed system
were not known.

V-I
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In general, excellent correlation was found between the actual
and predicted performance of the input reaction processes of the
Phase III system. Divergences in performance reported can be
attributed to unidentified process influence parameters requiring
further study. Comparisons of AF04(611)-6087 data previously
acquired shows a serious conflict with AF04(611)-8198 data, in
that a combustion gas molecular weight and apparent reaction mix-
ture ratio are virtually reversed for direct injection process of
both the fuel and the oxidizer tank. Although common ullage
pressurization of the oxidizer tank was also studied, no test
data are available at this time for comparison with theoretical
predictions. Process gas characteristics have been compared for
the various tet sysLems with data obtained by mass spectrometer
gas analysis.

1. Process Gas Characteristics

The molecular weight and composition of the process gas have
been compared far the various experimental programs. Since the
mixing technique affects the reaction significantly, factors such
as injector nozzle contour, differential pressure, and physical
characteristics of the system will alter the resultant composition
of the combustion products. The results presented in this section
are based on a solid stream surface reagent injection process for
the single-tank tests and subsurface gas impingement for the

oxidizer tank of the common ullage configuration. All tests were
performed at 36 psia tank pressure and 75 psi injector differential
pressure; however, the operating pressure has not been specified
for the Lockheed results, but is believed to be in the 30 to 350
psig range.

A comparison of the MTI pressurizing gas molecular weight
obtained from the Lockheed data and from Phase I and Phase III
Martin programs are shown in Fig. V-i and V-2 with the composition
described in Table V-l. The oxidizer tank data indicate the
gaseous combustion product characteristics and the resultant mo-
lecular weight of the pressurant, including the 35% mole fraction
of vaporized oxidizer. Fuel vaporization was generally small in
the Phase I program due to relatively cool (50*F) ambient temper-
atures. Consequently an increase in molecular weight of the gas
was not encountered. All data are reported on a helium-free basis.

V-2
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Note: 1. P gFT 036 psia

2. Surface solid AP inj " 75 psi.
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Fig. V-2 Molecular Weight Correlation - MTI in Fuel Tank
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Although excellent correlation of molecular weights was
achieved from the Phase I and Phase III programs, the gas charac-
teristics reported under AF04(611)-6087 were not in agreement.
Likewise, the apparent reaction mixture ratio obtained with the
solid stream surface reagent injection process showed poor corre-
lation for all configurations. Oxidizer tank process character-
istics shown in Fig. V-3 indicate the variation between Phase I
and Phase III, a slight variation in fuel tank reaction mixture
ratio was also obtained (see Fig. V-4). The lower reaction mix-
ture ratio realized in the Phase III fuel tank and higher reaction
mixture ratio in the oxidizer tank are probably due to a change in
injector design. (The Phase I injector was a flat plate of 0.013
in. dia orifice, and the Phase III injector emnloyed a 2 in. long.
0.047 in. dia injector tube.) The exact flow characteristics of
the Lockheed injector are not known but crimped injector tubes
3/32 to 5/32 in. in dia were used to give a fan spray. The In-
jector differential pressure, however, was apparently sufficiently
low to prevent atomization ot the reagent.

Table V-2 compares data from a gas generator process with data
on typical fuel tank ullage gas composition for a 150-sec MT1
pressurization test with solid stream surface injection of nitro-
gen Tetroxide. The average molecular weight of the ullage gas
shows the dilution of the initial nitrogen, used for prepressuri-
zation, by combustion products with a variation in gas molecular
weight from 27.22 near the start of the test to 18.71 at the end.
The change in molecular weight of the ullage gas corresponds to
that predicted with a constant combustion product molecular weight
ot approximately 13. The average composition of the MTI combustion
products were determined by extracting the fuel vapor and a por-
tion of the nitrogen present from prepressurization, with a re-
sultant molecular weight of 12.39. In later tests, an increase
in molecular weight was obtained due to a change in gas analysis
technique. A comparison with typical gas generator products of
combustion indicates that only a slightly lower molecular weight
is achieved with the MTI pressurization process. The reactive con-
stituent ammonia is reduced by approximately 60. The absence of
water in the MTI combustion products is due to condensation
occurring in the actual system and is not considered a particular
advantage over the small percentage detected with the gas generator
system.

v-6
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Table V-2 Propellant Tank Pressurizing Gas Composition, Volume Percent

MTI

Ullage Gas MTI Gas Generator
Combustion Combustion

Time (sec) 20 60 120 160 Products Products

N2  93.33 77.31 56.52 53.40 23.0 22.53

H2  2.23 13.48 24.76 30.36 48.3 26.74

CH4  0.42 3.84 6.91 7.32 12.5 11.10

NH3  2.97 3.90 8.86 7.02 14.2 35.17

NO 0.52 0.73 1.01 1.15 1.9

UDMH 0.52 0.73 1.94 0.74 -

Co - - - - 1.96

CO2  0.1 0.1 0.1 0.1 0.1 0.1

H20 - - - - - 0.34

Miscellaneous (less than 1%) 2.14

Actual Molec- I 27.22 2385 0 40 18 7 1  12.9 15.86
ular Weight7
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2. Small-Scale System Performance

The performance of the Phase I small-scale MTI pressurization
system developed under AF04(611)-8198 has been compared with the
data generated under AF04(611)-6087 for a direct reagent injection
process. Comparisons were based on the amount of reagent required
to pressurize a given volume at operating pressures of 36 to 200
psia. The final ullage volume in the case of AF04(611)-8198 was
4.91 cu ft; and for the AF04(611)-6087 program, I cu ft. The
corresponding maximum ullage gas temperatures for the two systems
are shown in Fig. V-5 indicating a slight divergence primarily
due to a difference in reported apparent process reaction mixture
ratios of the two systems (the higher gas temperature correspond-
ing to a higher reaction mixture ratio).

Pressurant demand for the small-scale single tank systems is
compared in Fig. V-6 and V-7 with a presentation of comparable
performance for the common ullage Phase I system shown in Fig.
V-8. The pressurant demand curves indicate the quantity of fuel
and oxidizer required to pressurize a given volume with the extent
of vaporization, condensate formation, and final system tempera-
tures encountered. Significant variances in the AF04(611)-6087
data are due to the differences in reaction mixture ratio, lack
of condensate formation or propellant vaporization, or both, and
a slight change in final gas temperature.

3. Full-Scale System Performance

The performance of the Phase III full-scale MTI pressurization
system developed under AF04(611)-8198 has been compared with the
theoretical performance obtained from the IBM-7094 mathematical
model for the direct reagent injection process. Predictions are
based on the actual reaction mixture ratio with the previously
established heat and mass transfer coefficients obtained from the
Phase I program. Performance histories for typical continuous
150-sec runs are shown in Fig. V-9 and V-10, with a comparison for
the theoretical values. Pressure control at the start of the eun
was not within the ±0.5 psia predicted range. Due to a slightly
oversized injector, the actual fuel tank bulk gas temperature
measurement was not functioning properly, consequently, the quan-
tity of gas generated was approximated with a partial verification
of expected reagent consumption obtained for the conditions en-
countered.
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Test Tank

Contract Size (cu ft) M /

AF04(611)-8198 5.33 16 0.45 to 0.55
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B. MTI SYSTEM DESIGN HANDBOOK

In this section design information is presented to permit pre-
liminary sizing of main tank injection pressurization systems for
N204-50/50 mixture of UDMH and N2H4 propellant combination. It

must be recognized that the thermodynamic actions occurring during
the process are not completely understood. Consequently, certain
approximations are made that may require revision pending further
investigation. Due to the rapid time-varying nature of the process,
non-steady-state conditions prevail so that no method, short of an
exact solution of the differential equation expressing the energy
transfer during the expulsion process, will give accurate results.
A satisfactory substitute for this is the digital computer program
described in Chap. III, Sec A.3, which solves the energy transfer
differential equation on an incremental time basis.

In some applications where rapid preliminary design information
is desired, the use of such computer program may be discourage due
to cost, time, or similar considerations. It is expressly for these
situations that the MTI design method is directed Certainly, com-
plete re-examination of these results by the computer program should
follow when the MTI process appears to be attractive for the par-
ticular application under consideration and when greater accuracy
is desired.

1. General Design Considerations

The design of any MTI pressurization system is governed by the
following requirements:

1) Mission profile;

2) Tank pressure;

3) Reliability emphasis.

They are discussed in the following paragraphs.

Mission Profile - A feature of the MTI system is the low gas
density pressurant generated. This is due primarily to operation
at elevated gas temperatures, although a moderate gas molecular
weight (16 to 30) is also beneficial. However, when missinn pro-
file is such that the influence of heat loss from the pressurant
becomes extensive, such as for long-term in-space storage applica-
tions, the advantages of low gas density tend to disappear.
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Tank Pressure - Equilibrium gas temperatures of MTI systems
rise appreciably under increasing tank pressure levels. Figure
11-113 shows a typical range valid for 5/8-in. aluminum walls
under exposure at atmospheric temperatures (40 to 800F). It
should be evident that for flight-weight tanks, wall temperatures
become greater for the thinner walls. Consequently, wall tempera-
ture limitations and well material selections influence the de-
sign.

Reliability - Reliability considerations govern the design
of all flight systems. For this discussion, it is presumed that
the overall reliability of NEI systems are comparable to other
types of tank pressurization systems. The principle difference,
then, of the MTI System is that pressu::ant gas properties are not
fixed but may show certain variations. These differences can be
explained partly by imperfect injection patterns, although more
study is needed for quantitative definition. Evidence shows that
wide reagent spray patterns elevate gas temperatures excessively.
Besides increasing the wall temperatures, increases in molecular
weight and reaction mixture ratio influences are sustained.

Thus solid-stream injection is considered the best injection
arrangement because of desirable products of reaction and heat
dissipation to the liquid propellant. Additionally, the MTI sys-
tems should incorporate protective devices to prevent developing
partial spray patterns from contaminated propellants.

2. Sizing of Propellant Tanks

For a given vehicle application, the following parameters are
generally known or can easily be computed from standard thermo-
dynamic relationships:

Propellant Mixture Ratio = X (O/F)

Thrust - F lbf

Burning Time - T sec

Specific Impulse a Isp (lbf-sec)/lbm

Initial Ullake Volume Ku _ 0.05
Total Tank Volume

Acceleration -g/g
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NPSH hp

Tank Pressure Requirement, P 1-4 + Pv - 14 + Ap
t 144 144g c line'

hpaP* -P - -- +P [2]
t c 144g c  lne

Equation [1] applies to pump-feed propulsion systems and Eq [21

to pressure-fed engines.

Total tank volumes may now be compred:

Usable Propellant, W= ) (r-cr -) Ib
0 sp

Wf M )' lb

sp

Vaporized and Trapped Propellant (Unusable) - Wto and Wtf (given),

Total Tank Volume, V (W + Wto)/P (1 -

Vf (Wf + Wtf),/Pf (I - Kuf).

Tank sizes may require minor adjustments to account for pressurant
liquid storage and condensables. Following the sizing of propel-
lant tanks, the selection of tank material and wall thickness must
be made. Generally, stress considerations based on launch or in-
flight loads predominate, although for the M4TI systems, the addi-
tional wall heating from the hot gas pressurant must be considered
for the established operating tank pressure. Tank shape and tank
thermal capacity will then be reasonably identified for the deter-
mination of pertinent MTI pressurization system performance param-
eters.

3. System Operatin2 Temperatures

Reagent consumption is primarily a function of the molecular
weight and equilibrium temperature of the gas, the wall thermal
capacity, and injection dynamics. Other less critical functions
are burning time, external environment, and tank pressure volume.
It is evideut that these factors are interdependent and must be
evaulated concurrently; however, an approximation of the ullage
gas temperature may be made from an inspection of the heat capac-
ity of the system.
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The design method is essentially a solution of the general
energy Eq [3] applied to the ullage gas. Because of the time-

varying nature of the gas conditions during the expulsion proc-
ess, weighted average value properties are substituted and the

equation solved on a steady-state basis.

The general energy equation applied to the ullage gas for a
single tank injection is:

U . - 'A!g 0  +AHkl -J PDV - EQ-- Ib. [3]Uf i gas + ~lv V- 6 3

The term a b is the enthalpy of gas bled from the main tank (com-

mon ullage pressurization). The term a 9 is the total enthalpy

of the generated gas products excluding the enthalpy of condense-
bles. Consequently, Q, the total heat exchange, includes only
the convective and radiative heat exchange to the walls and pro-
pellant. Such heat exchange is also determined independently from
the standard heat transfer relationship, i.e.,

,- hAATliq + ATwall & [4]

The value for EQ for Eq [4) is then substituted into Eq [3], which
may now be solved for the final equilibrium gas temperature. Di-

rect solution of Eq [3] is accomplished by trial and error. A

final gas temperature is repeatedly selected, until the identity
is obtained. Generally three trials are required to obtain a

reasonable agreement.

To aid in the solution, only the convective heat transferred

to the wall in Eq [4] need be calculated. This is related to to-
tal convective heat by means of the empirical ratio, (conv liq)/

Qconv - CI, and Qconv " (Qconv wall)/(l - C). The term Cl , an

empirical constant, is primarily a function of the injection dy-

namics, tank configuration, and ullage temperature.

In addition, a predominate influencing factor for C1 is the

combustion reaction process. For example, for the fuel tank re-
action, the value is approximately 0.87, but for the oxidizer

tank the value decreases to 0.37.
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The simultaneous solution of Eq [3] and [4] with the modifi-
cation noted above results in the Eq [5], for a zero bleed appli-
cation.

Certain constants for any given application are noted. These
are identified in the section that follows:

C9 T - 4 C t f

T 9 T g-4 + C 6 4 1]T Tgf

In addition, equations defining the average gas and wall tem-
peratures are required. To simplify the problem, it is assumed
that the wall temperature history is linear and the entire gas-
exposed wall surface is at equilibrium temperature. The wall
temperature rise becomes

AT ha(E - w) + 7(QIA)est

Atw 144 C pt [63
pm7

and the mean wall temperature is

+ + F(Q/A) ext

2twi+ C2 h g 144 cp t
'Ew 0 = [7]

2 +C h 2g

When the influence of wall temperature from aerodynamic or space
heating or both is negligible, (Q/A)ext is virtually zero and
Eq 16] and [7] reduce to:

Atw C2 h(tg - ) 81

2 tw + C h

i 2 R 912+C h 
2g

The mean gas temperature is

t M t gi + T,(tgf - tgi), [l]
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where I is based on the actual variation of gas temperature with
time. Typical test traces show that I = 0.667. The wall heat
transfer coefficient, h , is expressed by conventional free con-g
vection heat transfer modulii, which reduce to:

hg 9 C8 (T 9 )  
'Li

where

. MW2 C a k2) 1 / 3

C8 f  
cPak

4. Gas Properties

Chemical analysis of the test gas samples indicate the fol-
lowing properties of the MTI combustion gas:

1) Molecular Weight. The molecular weight of resultant
MTI combustion gas products are shown in Fig. V-il.
These were obtained either from surface solid stream
injection for single-tank pressurization or subsur-
face gas impingement in the oxidizer tank for common
ullage pressurization.

2) Thermodynamic Properties. Gas properties such as spe-
cific heat, thermal conductivity, and viscosity are
given in the following tabulation. These properties
represent combustion gas mixtures diluted with 5%
initial ullage prepressurization helium and vaporized
oxidizer in the oxidizer tank. Slight modification
should be made when prepressurizing with nitrogen.

Cp k MW

(Btu/sec 'R
(Btu/lb 'R) ft) (lb/ft sec) (Q 36 psia)

Fuel Tank Injection 0.56 1.7 x 10-5  1.14 x 10-5  15.2

Oxidizer Tank Injection 0.85 1.648 x 10 - 5  1.11 x 10-5  41.0
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3) Vaporized Propellant. The amount of vaporized propel-
lant in the fuel tank is virtually zero and normally
can be neglected. However, the fraction of vaporized
oxidizer must always be considered. The mechanism of
propellant vaporization in conjunction with the MTI
reaction is not fully known. The best quantitative
data available are the rcsulLs froiD spectrographic
examination of gas samples immediately following the
tests. These show that tank pressure has a remarkable
influence on propellant vapor mole fraction, exceed-
ing, bulk liquid-saturated conditions. Figure V-12
presents these results. The influence of expulsion
time between 100 to 200 sec was not pronounced. Ex-
pulsion times greater or less then this range were
not examined. The thermodynamic properties of the
vaporized oxidizer are shown in Fig. V-13.
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Fig. V-12 Vaporized N204 Propellant
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5. Reagent Consumption

The determination of the amount of reagent required depends
on the precise knowledge of the reaction process mixture ratio
experienced and the amount of condensables formed, The equation
expressing this is:

W (1+A)

Total products = W + W 0W (1 + ). 12]
g c A =Wf 1+N. 12

Before Eq [12] can be solved, the amount of condensables in the

propellant must be evaluated. For direct injection, MTI proccescs,
steam is virtually the major condensable. The maximum quantity of
steam formed is limited by the quantity of oxygen present in the
fuel tank or hydrogen in the oxidizer tank. Thus the amount of
steam generated can be described as some function of the injected
reagent. Poatfiring examination of the bulk propellant revealed
certain changes in moisture concentration resulting in the follow-
ing estimates of condensables. These are empirical values and
probably vary with changes in tank configuration and injection
tinamics.

Lb H 20
Wc 0.71 LbM N20 (reagent),

M 24

Lb H20

W 1.09 b 5 DMH H (reagent).
m50/50 UDR- N 2 4

Substituting these values in Eq [12] and solving for the weight
of reagent,

W
Wo = N [13]

.+ 0.71

W W
f (N + I) - 1.09 X - 0.09"

Gas weight (exclusively combustion products) is expressed by the
equation of state

P Vf (MW)cp (F) cp[5

g 10.72 Tf
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The reaction process mixture ratio is relatively constant for the
fixed injection dynamics employed and is given below for the Phase
I tests.

Oxidizer tank injection 2. - 2.5

Fuel tank injection 0.55 - 0.65

6. Injector Dynamics

Surface solid stream injection has been found satisfactory
and is, therefore, recommended for the single-Lank MT1 process.
Subsurface gas impingement tests for common ullage tank preFsur-
ization of the oxidizer tank is noted although additional devel-
opment effort is required.

The metering orifices for these injection systems may be either
sharp-edged or straight-tub- design. Orifice pressure drops for
the sharp-edge configuration should be between 75 and 100 psi for
the propellants and total pressures examined. At pressure drops
above this range, the solid stream tends to break down, resulting
ultimately in excessive wall temperatures. Discharge coefficients
of 0.6 to 0.7 are recommended. For the straight tube orifice,
injection patterns are satisfactory up to 200 psi differential
pressure, though a small reduction in discharge coefficient is
indicated. The design of the injection system should minimize
the propellant volume between the injector seat (where shutoff
is accomplished) and the orifice to avoid the possibility of tran-
sient tank overpressures. This problem is related to system re-
sponse. The tank pressure control system may be of the constant
flow (full-on), variable flow (modulating), or pulse mode (on-
off) type. Constant flow is generally not recommended for systems
of variable gas demand, since precise tank pressure control can
be accomplished only by tank venting. Variable flow control is
possible, but is seldom used because of the development difficul-
ties inherent in the modulating mechanism. Pulse mode systems
being relatively easy to develop are therefore selected whenever
the resultant tank pressure fluctuations are acceptable. In ad-
dition, they are particularly desirable for low pressurant demand
rate systems. This is because orifice diameters are correspond-
ingly larger than for the other system control methods, and larger
oritices are less sensitive to contamination and partial blockage,
thus eliminating undesirable spray patterns. Because of the larger
orifice used, the response characteristics of the pulse-mode con-
trol systems tend to be more critical than for the other control
methods. Consequently, the sizing of the pulse-mode orifice is
more dependent on the response of the control system. Orifice
design proceeds as follows for a single tank injection system.
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The equation of state applied to the ullage gas mixture in
the fuel tank is

P (10.72 TWj) + (10.7 2 T) 16]Ptot =  M \' ' nett  ."W V )Cp.

Differentiating with respect to time and noting that (W) inert

0, the pressure rate change during the "on" position can be ex-
pressed as

(10.72)W4 T 072 ( + Wi w 1 W 17]IM V VM crY inrt 4 1- T cp-

Subsitiuting (W)cp 0 in Eq (17), the expression for tank pres-pres

sure decay rate during the off position is also obtained.

For constant thrust engines,

vf - v i
V - AT 118]

The term (i) varies depending on the instantaneous values of mass,
temperature, and ullage volume. The largest single influence is
ullage volume. Consequently, (V) is most critical initially when
ullage yolume is smallest. Before solving Eq 117], values of W,
T, and T must be known. For this calculation, it is sufficiently
accurate to estimate these values at minimum ullage. Certainly
test data should be relied on if at all possible when establishing
these assumptions. On this basis, Eq [171 reduces to an expres-
sion for (W) in terms of (P), the allowable tank pressure vari-
ation rate: cp

10.72WP TV 10.72/ TW
/ VVV

(W)cp 10.72 T [19
cpwcp (MW) V

cp

Let APmax be the maximum allowable tank pressure variation above

the nominal setting (psi). Then (i) - LPmax/Ar, where AT r is

the total system response time in seconds. This expression is
substituted in Eq [19], which can now be solved for (*)cp"
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The reagent flow rate N204 is then obtained from Eq [13],

employing suitable values for ?,, the process mixture ratio (0.55
to 0.65).

w - w[20]
0 ? += 0.71[

The orifice size is obtained from the incompressible flow equation

1 =44 d 144W [)(A)° - (n.)p21

~0 Cd " T'Top

employing suitable values for orifice pressure drop AP and dis-
charge coefficient Cd. o

A similar procedure is valid for the oxidizer system except
that Eq [16] and the subsequent equations are modified to account
for propellant vaporization. This must be estimated before the
solution and later confirmed. In addition, Eq [20] is replaced
by

I - Mcf 'A - 0.09'

where

X- 2 - 2.5.

7. Determination of Constants

The constants discussed in the following paragraphs are useful
for solving Eq [5].

C1 is the ratio of the convective heat transfer to the propel-

lant to the total convective gas heat transfer, i.e.,

C1 = EQ
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This constant, being a function of the injection dynamics and tank
configuration, must be emperically determined. Estimated values
from the Phase I tests are:

cl

Oxidizer tank injection 0.37

Fuel tank injection 0.87

C2 is the measure of the thermal capacity of the tank walls

and the exposure time.

2 tpm C P144 Btuisec ft 2 0R"

Figure V-14 presents this parameter as a function of the den-
sity specific heat characteristics of typical wall materials.

C3 is the measure of the total enthalpy of the generated gas

products.
P Vf Cp t c (MW)cp (HP)cp

C3  10.72 c

C t 10.72
p c

Oxidizer tank injection 115

Fuel tank injection 143.5

C4 is the measure of the work being done on the liquid. For

constant pressure systems.

C00.185 PVf- V)(Btu).c4 P (Vf -Vi)

C5 is the measure of the final internal energy of the ullage
gas.

P Vf (MW)mi x CVf
5 10.72
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Typical values of Cvf for gas mixtures prepressurized with helium

(5% initial ullage) are:

C v Btu/lb OR

Oxidizer tank 1.2

Fuel tank 0.34

C6 is the measure of the initial inLetnal energy of the pro-

pressurizing gen.

Vi Cvf RiSt M ), - P V .C6  1.72 t gi

Values of a as a function of the more common prepressurants are
shown in Fig. V-15.

C7 aidi in computing wall heat transfer:

C7 a Ag (sec-ft 2).

C 8 is measure of the wall heating rate:

C8 - 0.394 tp x Emv X tcp x i t k'

Values of t are shown in Fig. V-16 as a function of the applicable
gas property.

C9 is a measure of the total heat exchange from the ullage:

C 7 C8

C1 0 and C11 measure the enthalpy of vaproized propellant.

C10 is the amount vaporized. C11 is the enthelpy release, which

for N204 propellant, is 181,6 B/lb vaporizing at 70*F.

For the fuel tank, this product is essentially zero. For the
oxidizer tank vaporized propellant can be computed by means of
Fig. V-12.
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8. Method of Solution

1) Assume the final ullage gas temperature, t ;gf

2) Compute t (Eq. 110]);g

3) Compute constants C1 through C11 ;

4) Assume h (0.001 initially);
g

5) Solve for tw (Eq [/3 or []);

6) Check value of h from Eq 111];g

7) Substituce th." value for h into Step 5 (convergence
is rapid); g

8) Solve Eq [5);

9) When the identity hnlda, the assumption of t is con-
firmed; otherwise repeat; gf

10) Compute wall temperature rise (Eq [6] or [3j);

11) Compute the gaseous combustion product weight by Eq
[15];

12) Solve for reagent consumption by means of Eq [13] or

[141. Use proper values for N;

13) Compute vaporized propellant for the oxidizer tank
by Eq 115], modified by the MW and M of the propel-
lant vapor.

Sample calculations demonstrating the design methods are pre-
sented. For illustrative purposes, the Phase I tests are examined.
Consequently, test measurements will be used to confirm the valid-
ity of the design procedure. It cannot be overemphasized that
certain empirically determined factors, such as C1 and the amount

of condensable, and even the gas properties may change for dif-
ferent configurations.
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9. Sample Calcul tions
MT1 Pressurization of Fuel Tank: N204 into 50/50 UDMH-N 2H4

Given:

Initial volume - 0.267 cu ft

Final volume - 4.91 cu ft

Tank Pressure - 36 psia

Initial gas and wall temperature - 550'R

Expulsion time - 140 sec

Average wall surface exposed to gas - 7.1 sq ft

PLepressurized to 36 psia with helium

Aluminum alloy tank - 5/8-in. wall

Solution:

Determination of constants:

Cl - 0.873. For aluminum, pCp/144 - 3.17 (Fig. V-14)

C - 140

2 - (0.625)(3.17) = 70.8

C3 - (143.5) (36)(16)(0.93)(4.91) - 377,000

C4 - (0.185)(36)(4.91 - 0.267) 30.9 Btu

W mix 0 (0.93)(16.1) + (0.07)(4) , 15.18

C5  (36)(4.91)(0.34)(15.18) 85. For helium, a - 0.374

(Fig. V-15)

C6 , (0374) (0.267) (36) (25 (- - 2.9
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C7 a (7.1)(140) - 993

From Fig. V-16 read

tMW = 0.51, t cp . 0.69, tk ' 1.02, gv - 0.99, Ep a 1

C8 = (0.394) (0.51)(0.69)(1.02)(0.99)(1) - 0.14

(993)(0.14) = 1095C9 "1 - 0.873

C10 and C11 " 0

As a trial assumption, assume the final gas temperature, t

1630F. From Eq [10], using q - 0.667, Sf

9 55 + E0.667 (163 - 55)] = 127

S

- 2(55) + (70.8)(126.8)(0.001)
tw = 2 + (0.001)(70.8) 5

Verifying h by Eq [11],S

h (0.14)(126.6 - 57.5)1/3
g 586.8

Substitute into Eq [5],

(1095)(126.8 - 57..5)413 377,000 -85(163) + 2.9 - 30.9
586.8 623

533 f 541.8

This is a reasonable agreement and no further trials are necessary.

From Eq E8]:

Wall temperature rise, Atw 0 (70.8)(0.001)(126.8 - 57.5)
w 4.901
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Combustion gas weight - (36) (4.91)(16)(0.93) = 0.394 lb

(10.72)(623) m

(Eq [131)
0,394 =018l E I]

Reagent consumption, W. 0.188 lb (Eq [ill)
1.55 0.71
0.555

Sample Calculations

mti Pressurization of Oxidizer Tank: 30/50 UlDI-M-N 2H4 into
N204

Given:

Initial volume - 0.267 cu ft

Final volume - 4.91 cu ft

Tank pressure - 35 psia

Initial gas temperature - 51'F

Initial wall temperazure - 601F

Expulsion time - 204 sec

Average wall surface exposed to gas - 7.1 sq ft

Prepressurized to 40 psla with helium

Aluminum alloy tank - 5/8-in. wall

Solution:

Determination of constants

C1 - 0.37

C 204- 103
c2 (Pm)Cpm/144  (3.17)

C3  115 P Vf M4Wcp M cp
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From Fig. V-1I read: MW = 29.1; due to dissociation
cp (M) 55

From Fig. V-12 read: MF = 0.52
v

1F p - 1 - 0.52 -MFiner t = 0.437

C3 = (115)(35)(4.91)(29.1)(0.437) 251,000

C4 ' 0.185 P (Vf - Vi ) 0.185(35) (4.91 - 0.267) = 30.2

P V Cvf'mix
5 10.72

Wmi x - Z(MW)(MF) - (0.52)(55) + (0.437)(29.1) + 4(0.043)

- 41.1

C M ,(35)(4.91)(1.2)(41.1) . 7925 10.72

C6 aPi Vi For helium and NO2 vapor, a * 305 (Fig. V-15)

C6 = (0.305)(40)(0.267) - 3.26

C7 - d'r Ag 0 (204)(7.1) = 1450

C8  a 0 .394 gp • tcp t 4 " k ' t

Since p W c = t ' Ek 8 g Wv

C8 - 0.394

C7 C8 - (1450)(0.394) 907

9 1. C (1 - 0.37)

As a trial assumption, assume the final gas temperature is 153*F
(test measured),

Substituting into Eq [10], we obtain

= 51 + [0.667(153 - 51)] - 118.3*F
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Assume h . 0.00254 Btu/sec ft
2 0RS

Substitute into Eq [9]

2(60) + (103)(118.3)(0.00254) 66.8F
w 2 + (103)(0.00254)

Check h from Eq [illS

(118.3 - 66.8111/3
h 9 0.394 (118.3 + 460) 0.00254

g (118.3 + 460)

Before solving Eq E51, the parameters C10 and CiI, the total

enthalpy of the vaporized propellant must be determined.

Assuming vaporization at 70*F, L.hv - 181.6 Btu/lbm,

vap  vapf vap

Based on 60°F bulk temperature, and saturated initial con-
ditions.

W (11.4)(0.267) ( 92 0.0442 lb

vapi - (10.72)(511) 1 + 0.152) m

where

- 0.152 dissociation degree
(0.52)

. (35)(4.91) ( 92 ( - 0.784 lb
WvMPf (10.72)(613) 1 + 0.595 m

W - 0.784 - 0.0442 - 0.74 lb
yap m

C10 Cl1 - (181.6)(0.74) = 134.6 Btu.

The reagent flow rate from Eq [20], using X - 0.555, becomes:

0.00648 . 0.00595 lb see.
W0 0.555 + 1 . 071m

0.555
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Employ a sharp-edged orifice, Cd m 0.70, and a maximum AP - 75 psi,

;2g,144 '__ I7 2 -34ZT7 744)(75

p 87.4 fps.P 90.5"

Orifice diameter is obtained from the continuity equation;

D L4 (144) _4__ 0.005951 147~ 0.014 in.
Cd VP T t(0.70)(87.4)(90.5)

With the injector off during propellant outflow the tank under-

pressure condition can also be determined from Eq [191, setting

f 0. During the initial conditions, Eq [19] reduces to
cp

AP_10.72) W -- 4.27 psi/sec.

&r inert

Allowing 0.02-sec lag for system filling the total response

becomes 0.12 + 0.02 * 0.14 sec, and the maximum system underpres-
sure becomes

A P (0.14) [4.27] - 0.6 psi.

Substituting known values into Eq [5],

(907) (118.3 - 66.3)1/3 251,000 - (792)(153) + 3.26 -
578.6 613

- 30.2 + 134.6.

301 319.6.

This is a reasonable agreement and no additional refinement is

necessary.

Wall temperature rise is calculated from Eq [8]:

t = (103)(0.00254)(118.3 - 66.8) - 13.470F.w

Combustion gas weight from Eq [13] is

W . (35)(4.91)(0.437)(29.1) . 0.333 lb

Wcg 10.72 (613)
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Reagent consumption is determined from Eq t12]. Use X 2.34.

Wf = 0.333/(2.34 - 0.09) - 0.148 lb .

Sample Calculations

Pulse Mode Injection System

The design of a pulse mode orifice-type MTI pressurization

control system is presented for the 50-50 UDMH/N2H. propellant

tank. The task is to size the fixed orifice for a maximum Lank
pressure variation of +1 psi, with an estimated system response
time of 120 msec.

Given:

Initial volume - 0.267 cu ft

Final volume - 4.91 cu ft

Expulsion time - 140 sec

Normal tank pressure - 36 psia

Initial gas temperature - 550F

Final gas temperature - 163 0F

Initial pressurization - helium

Mol. weight combustion products - 16

Total response time - 0.12 sec

Maximum tank pressure variation - ±1 psi

From Eq [19], the flow rate of pressurant can be calculated:

&V 10.72 W TO) 10.72 W4MW V V "j _" -L )
V)inert (o) P. 1191

V (MW) cp
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The most critical condition is during the initial outflow when
ullage volume is minimum. During this condition, Eq [19] simpli-
fies to:

( r MW V T inert
cp 10.72 T _

V (MW)cP

- 4.91 - 0.267 0.0332 ft 3

= 140 5.C33-

is estimated at 3*F/sec

W (36)(0.267)(4) = 0.00696 lb

inert (10.72)(515) m

Substitution into the above equation,

1 (10.72)(0.00696) (3 515 (0.0332)
.12 (4)(0.267) \ 0.267 /

cp (10.72)(515)
(0.267)(16)

8.34 + 4.27 0
1293 0.00975 /b/ sec.

Another factor in system response that is difficult to evalu-
ate directly is the effect following injection shutdown of unre-
acted reagent that continues to flow for a few moments and
pressurizes the tanks. This condition, determined from the stream

diameter and distance from injector to propellant surface, is
usually unimportant. Fair correlation with test results have
been obtained by assuming an equivalence of two-thirds of the
generated gas flow. On this basis, the maximum allowable gener-
ated gas flow reduces to:

Wcp (0.00975)(2/3) = 0.00648 lb./sec.
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C. APPLICATION STUDY

The high-density pressurant storage of the MTI pressurization
system and low-density pressurizing gas obtained without a heat
exchanger have required a re-evaluation of present pressurization
concepts of specific vehicles to obtain relative cost, weight,
reliability, and performance information. Consequently, a study
has been performed of the Titan II autogeneous pressurization
system (using vaporized and partially dissociated nitrogen te-
troxide for oxidizer tank pressurization, molecular weight of
approximately 75, and gas generator combustion products, molcc-
ular weight of approximately 16, for fuel tank) and the Titan III
transtage unheated helium system. Preliminary design concepts
have been created to establish possible pressurization system
configurations. Although a slight reduction in the Titan II mis-
sile weight can be realized by a change in the pressurization
system, the slight performance increase does not Justify the
additional time and money expenditures. However, for a future
booster, an additional gain could be realized by more efficient
tankage and propulsion system design. Due to possible 250-lb
weight saving on the Titan III transtage with the KiI pressuriza-
tion system, further effort would be warranted for this applica-
tion.

1. Titan II

Titan Il is a two-stage vehicle employing a twin engine
430,000-lb thrust booster and 100,000-lb thrust sustainer. The
Stage I engine operates for approximately 149 sec, at which time
the engine is shut down by either an oxidizer incipient exhaus-
tion signal or fuel tank low-level sensor, whichever occurs first.
The Stage II engine is started at altitude during Stage I engine
shutdown, maintaining a positive acceleration during staging.
Propulsion of the Stage II vehicle is also continuous, lasting
approximately 180 sec; the guidance system initiates shutdown
before propellant depletion. Total nominal propellant outage is
0.22% for Stage I and 0.25% for Stage II based on the total usable
propellant load. This outage is unburned fuel 707. of the time as
determined by a probability analysis.

Propellants are supplied from tanks mounted concentrically,
one above the other, with the oxidizer tank in the forward posi-
tion in each stage. Consequently, an oxidizer feedline runs
through each of the fuel tanks to the engines. The storable
propellants used are identical to the ITI test fluids; nitrogen
tetroxide as the oxidizer and a 50/50 blend of hydrazine and
unsymmetrical dimethylhydrazine as the fuel.
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All propellant tanks are of aluminum construction, 10 ft in
diameter, containing slosh and an..ivortex baffles. Pertinent
design data are tabulated below:

Stage I Stage 11

Fuel Oxidizer Fuel Oxidizer

Tank Volume (cu ft) 1626.5 1920.2 401.7 500.8

Usable Propellant (ib) 246,846 57,902

Nominal Flow Rate (lb/
sec) 567 1094 113.3 204.3

NPSH (ft) 43 44 100 30

The pressurization system is autogenous or self-generating
in nature. The Stage I and Stage II fuel tanks are pressurized
using gas-generator-produced gas bled from the turbine inlet
manifold as the pressurant. The hot (16500?) gas is cooled to
220*F in a heat exchanger using liquid fuel as the heat sink.
The gas then passes through an orifice that is the flow-controlling
device of the system, a high-pressure burst disc, the airborne
autogenous lines, and a low-pressure burst disc, and then enters
the propellant tank through a diffuser. The Stage I oxidizer
tank is pressurized with gaseous nitrogen tetroxide. Liquid
nitrogen tetroxide is bled from the propellant line below the
pump. The liquid passes through a cavitating venturi that is
the flow control of the system, a high-pressure burst disc, and

a heat exchanger using turbine exhaust gas as the heat source.
In the heat exchanger, the liquid is both vaporized and dissoci-
ated in being heated to about 350F. The gas then passes through
a back-pressure orifice, the airborne autogenous lines, a low-
pressure burst disc, and enters the propellant tank through a
diffuser. The Stage II oxidizer tank has no pressurization sys-
tem. The initial charge of nitrogen plus vehicle acceleration

and propellant vaporization satisfy the NPSH and structural re-
quirements without augmentation.

The Stage I and Stage II autogenous pressurization systems
are shown schematically in Fig. V-17 and V-18, respectively. The
low-pressure burst discs near the top of the Stage I and Stage II
fuel tanks and Stage I oxidizer tanks minimize leakage during
long-term storage. The high-pressure burst discs eliminate the

possibility of solid particles from the start cartridge entering
the propellant tanks on the fuel pressurization system and giving
a good start transient of the autogenous system on the oxidizer
pressurization system. Titan II tank-top pressure requirements
for flight are shown in Fig. V-19 thru V-22.
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A detailed study of the Titan II pressurization requirements
has indicated a slight increase in reliability. A weight saving
of approximately 102 lb can be achieved by employing a dual-
reagent injection MTI pressurization system in Stage I and 37 lb
by a direct injection system in the Stage II fuel tank. Since
the Stage 11 oxidizer tank has no airborne pressurization system,
replacement of the polytropic pressurization process with an MTI
process was not considered practical. For this particular appli-
cation, the common ullage pressurization of the oxidizer tank

L.zU: fUIIu Lu OLLOL nu signLItcanL auvanEage over tne ouai-reagenuL
injection system and, consequently, is not recommended. Perform-

ance of the dual-reagent injection system is compatible with the
existing structure and is comparahle to the Phase III flightweight
demonstration system. As a result of this application study, the
following conclusions have been established:

1) Continuous flow dual-reagent injection is the lightest
and potentially the most reliable injection technique
due to its simplicity (System D);

2) Separate reagent storage is more desirable for use on
an existing missile than turbopump-bleed reagent
supply, since

a) A modular-type arrangement is easily applied to
existing missiles with a minimum of rework and
eliminates long pressurization lines running the
length of the missile,

b) The decreasing injector flow rate can be tailored
to fit the decreasing pressurizing gas demand by
adjusting the reagent tank ullage volume,

C) It requires no turbopump modification to incor-
porate a propellant bleed, either in the housing
or at the outlet,

d) Separate reagent storage near the forward dome
eliminates the effects of missile acceleration
on reagent supply pressure;

3) Turbopump bleed reagent supply, when used with a con-
tinuous flow injector, is the most reliable and
appears to be the beat system for an operational mis-
sile due to its simplicity and minimum of servicing
requirements.
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Because of the present stage of Titan II development, this
study concentrated on system improvement techniques involving
a minimum amount of time and cost in the change over. Based on
the present amount of development of a flight type system, the
following additional effort is recommended fbr application of
an MTI pressurization system to the Titan II missile:

.) Development of a modular-type direct reagent inJec-
Liou 111 p fxbu itcn y~mfr the Stage~ T Pn
Stage II fuel tank employing a continuous flow in-
jector with separate reagent storage;

2) Installation of the unit developed above in a Titan
I missile for static test firings with the existing
fuel tank pressurization system capped off and oxi-
dizer tank system left intact;

3) Flight demonstration in conjunction with remaining
developmental effort or launch crew training of the
system tested in Item 2;

4) Pending successful development of the modular system,
develop a turbopump bleed continuous flow injection
system as System C shown in Fig. V-25;

5) Simultaneous or subsequent development and flight
testing of the oxidizer tank direct-injection pres-
surization system.

Preliminary Design Schematics - The systems presented are
combinations of four methods of pressurizing the fuel tank and
five methods of oxidizer tank pressurization by the MTI process.
Four of the systems are applicable to both fuel and oxidizer tank
pressurization. As noted previously, the Stage I oxidizer has
no pressurization system and, therefore, will not be included.
The systems are as follows:

System A - Pulse flow injection, turbopump bleed, used
on either fuel or oxidizer tank;

System B - Pulse flow injection, separate reagent tank

used on either fuel or oxidizer tank;

System C - Continuous flow injection, turbopump bleed
used on either fuel or oxidizer tank;
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System D - Continuous flow injections separate reagent

tank used on either fuel or oxidizer tank;

System E - Common ullage from fuel tank, applicable only
on oxidizer tank with either Systems A thru
D used on fuel tank.

System A, shown in Fig. V-23 applied to Stage I propellant
tanks, uses propellant bled from the turbopump, injecting it
through a Pulse-type injector subsystem. Intermittent reagent
flow is controlled by a pressure-switch-actuated (normally
closed) injector. When tank ullage pressure drops to the
pressure-switch set point, the switch signals the injector to
open, initiating reaction in the tank to increase pressure.
When pressure reaches an upper pressure limit, the injector is
closed, stopping the reaction. Propellant is bled from a point
on the turbopump where pressure is approximately 265 psia, through
a burst disc (required for Long-term ground storage) up to the
injector on the tank dome. Reagent supply is maintained by the
engine turbopump after pressure builds up during start and rup-
tures the burst disc. Propellant is bled at 265 psig from the
pump housing rather than at 1200 to 1400 psig at the pump outlet
due to the intermittent-type injection. Each time the injector
closed, the injector supply pressure would approach 1200 psi if
bled from the pump outlet resulting in atomization of the injec-
tion stream. The injector supply line size required is 1/4-in.
diameter for fuel and 3/8-in, diameter for oxidizer tank pres-
surization. The injector used would be similar in size to a
1/4-in., airborne-type solenoid valve and would mount on the
tank dome with a 0.070-in. diameter solid-stream nozzle project-
ing into the tank. Due to the distance from turbopump to tank
dome and the acceleration of the missile, supply pressure to the
injector will decrease during flight from approximately 210 to
90 osig on the oxidizer tank and from approximately 210 to 105
psig on the fuel tank. As the supply pressure decreases, the
injector will stay open a greater percentage of each cycle to
compensate for the lower flow rate.

This same configuration can also be used on the Stage II fuel
tank. A 1/4 -in. supply line bleeding oxidizer from the oxidizer
turbopump housing at 145 psig would supply oxidizer to the in-
jector, after passing through a burst disc, at 125 to 90 palg,
depending on the Stage I acceleration rate.
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System B, shown in Fig. V-24, applied to the oxidizer tank,
is the same as System A, except propellant supply to the in-
jector is from a small (12-in. diameter) storage tank mounted
near or on the tank dome. The small tank is pressurized to 160
psig before engine start and allowed to decay polytropically to
115 psig during the engine run, resulting in an injector flow
rate reduction of 13M.. The reagent storage tank is desirable
fr ".'n rpqnA (1) it pli4nt-pn tIhp necpsp 4 t -y "f tannine
off nronellant at 265 Dsei from the turbonump housing, and
(2) it avoids the injector pressure decrease due to the effects
of increasing missile acceleration. Injection is initiated by
supplying electrical power to the injector pressure switch at
engine start. When tank pressure decays due to outflow, the
injector automatically operates. Injection can be terminated
by the same propellant low-level signal that shuts off the engine,
a separate level sensor, or merely by letting it stop automati-
cally as outflow ceases.

System C, shown in Fig. V-25, applied to the fuel tank, is
the most simple of the systems discussed. It consists only of
passive elements -- an orifice, burst disc, tubing, and injection
nozzle, Propellant supply for the injector is taken from the
turbopump outlet and reduced to approximately 265 psig by the
orifice. This is possible as constant flow is maintained rather
than pulsing flow as in Systems A and B. The primary advantage
of constant flow is that it allows injector supply to be tapped
off at high pressure (1200 to 1400 psis), which is readily avail-
able, and this, in turn, eliminates most of the effect of missile
acceleration on injector pressure. For example, if fuel is bled
from the turbopump at 1420 psia to supply the injector at 200
psia, a 5-g acceleration results in a reduction of only 10 psia
in injector supply pressure.

System D, not shown, is a combination of the separate tank
discussed in System B and the continuous flow injector discussed
as System C. The reagent storage tank is the same size (12-in.
diameter) and is pressurized to the same pressures. Theoretically
the reagent demand is reduced approximately 20% during an engine
run due to the increasing ullage gas temperature. As stated for
System B, the flow rate decrease resulting from the polytropic
pressure decay in the storage tank is 13%, but could be adjusted
to match the reagent demand by decreasing the storage tank ullage.
A shutoff valve between the reagent storage tank and injector is
required in this system for prerun isolation, initiation of in-
jection, and termination of injection. A simple solenoid shut-
off valve controlled by either low-level sensors or a signal from
the engine during the start and shutdown sequences.
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L~egend:
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Fig. V-23 Pulse-Type MTI with Turbopump Bleed
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Legend:
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Fig. V-24 Pulse-Type M4TIp Turbopump Bl.eed Fuel Tank and Separate Reagent Supply Oxidizer
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Fig. V4-25 Constant Plow-Type )MT1, Turbopump, Bleed Fuel Tank Pressurization,
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Reliability - Predicted reliability factors were calculated
for each of the systems considered for use in the boost and sus-.
tainer phases. Using the same method, the existing Titan II
pressurization system was analyzed; the results are included in
Table V-6. The Stage It oxidizer tank was not included as it has
no pressurization system.

Calculation of reliability was oasea on the fuliuwiu dJh~i-

Generic failure rate (GFr) - The inherent, number of fail-

ures per unit of time, cycles, or trials that will occur
under a laboratory-type installation;

Equipment operating mode factor (KIP) - A failure rate

modifier that adjusts the generic failure rate for var-
ious external operating environments;

Equipment application factor (Ka) - A failure rate modi-

fier that adjusts the generic failure rate for various
internal operating conditions such as speed, temperature,
etc. It is assumed to be unity when no factor has been
established;

Adjusted Failure Rate (Fr) - (GFt) (Ka) (Kop);

Duration of operating phase being considered (t) (hr)

tr r (failures) (K dimensionless)

(Ka dimensionless) (t - hr)
(Number in system), (Failures x i06)

R - e tFr (1 o tFr, where tFr <0.01).

Reference: M-63-3.*

It is noted that reliabilities for Stage I are in general
slightly higher than Stage I. This is due to the K beingop
higher for Stage I making the Stage I reliability factors
slightly higher.

WEngineering Reliability Policy and Procedures Manual M-63-3.
Martin Company, Denver, Colorado.
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System E, shown in Fig. V-26, applied to the oxidizer tank,
uses a common ullage line to transfer pressurizing gas from fuel
to oxidizer tanks. An isolation valve with differential pressure-
switch control in the common ullage line prevents flow from oxi-
dizer to fuel tanks. An injector in the %'33 tank supplies
enough reagent to pressurize both tanks. Due to secondary re-
action of oxidizer with the pressurizing gas from the fuel tank
and amount of propellant vapor, the amount of reagent required
in inerPaPrl anproximatelv 40% while the volume to be pressurized
is increased 120%. The common ullage line is approximately 4 in.
in diameter due to the low density o the pressurizing gau. 11h.
isolation valve is a zero leakage valve similar to the existing
propellant prevhlve in that a diaphragm or some similar device
is required to positively seal the valve before engine start.
Injection initiation and termination would be the same as de-
scribed for Systems A, B, C, or D, depending on which is used
for the fuel tank. The differential pressure-switch-controlled
isolation valve opens to pressurize the oxidizer tank, based on
oxidizer tank demand senspd by the pressure switch.

Weight - Weights for the proposed systems were determined by
assuming the same pressurization line lengths as the present
autogenous pressurization system and component weights of pres-
ently available hardware. Present pressurization line lengths
are approximately 680 and 370 in. for Stage I oxidizer and fuel,
respectively, and 150 in. for Stage II fuel tanks. The pulse-
type injector, while not presently available, is similar to
existing solenoid valves, from which weights were estimated.
The separate reagent tank weight was calculated for aluminum with
a safety factor of 1.5 based on a nominal reagent load and 75%
ullage. Pressurization gas weights were calculated from MTI
development test data, gas laws, Titan II test data, and nitrogen
tetroxide dissociation data. Calculated weights based on the
preliminary design schematics are shown in Table V-3. Also shown
are weights for the existing Titan 11 missile pressurization sys-
tem.
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Legend-
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QD Oxidizer Tank Pressure
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10 Turbine
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Fig. V-26 Pulse-Type IM with Turbopump, Bleed, Common Ullage System
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Table V-3 Titan 11 Fuel and Oxidizer Tank Pressurization System Weights

Weight (lb)

E4 0 NtSA 0

a~ 0 s. M
Hj P a 1. t4t - 0t4c W HM

MO co c ;jto 0o b

Vuel Tank

Existing Titan 11 49 101 150 29 54 83

Pulse Flow-
Turbopump Bleed 17 91 108 11 41 52

Pulse Plow-
Separate Reagent
Tank 8 991 99 6 41 47

Continuous Flow -
Tux-bopump Bleed 12 91 103 9 41 50

Continuous Flow -
Separate Reagent
Tank 6 91 97 5 41 40

Oxidizer Tank

Existing Titan 11 41 281 327

Pulse Flow - Turbopump
Bleed 22 270 292

Pulse Flow - Separate
Reagent Tank 10 270 280

Continuous Flow - Turbopump
Bleed 17 270 287

Continuous Flow - Separate
Reagent Tank 8 270 278

Commnon Ullage from Fuel
Tank 13, 334 347
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Using the weight data given in Table V-4, total pressuriza-
tion system weights for both fuel and oxidizer tanks were calcu-
lated and are given in Tables V-5 and V-6 along with the resulting
weight savings over the existing systems. The weight decrease
shown for the Stage I fuel tank pressurization systems when applied
with a common ullage is due to an increase in fuel tank ullage
temperature, which reduces gas weight 4 lb, and an increase in the
fuel tank injector capacity, which increases hardware weight 2 lb.
The high weight of the common ullage system is due to the low ul-
lage tdmperature and large amount of undissociated oxidizer vapor
in the oxidizer tank. Although the molecular weight of the com-
bustion products is substantially lower than dissociated oxidizer,
the small amount of pressurization required (equivalent Lo partial
pressure of 5 psia) does not result in a significant weight reduc-
tion in the Stage I oxidizer tank.

As shown, weight savings over the existing Titan It pressuri-
zation system range from 29 to 102 lb for Stage I (a reduction
of 6 to 21%), and from 31 to 37 lb for Stage II (a reduction of
37 to 45%). The system offering the greatest potential from a
weight standpoint is continuous flow injection from a separate
tank for Stage I fuel and oxidizer tanks and Stage II fuel tank.
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Table V-4 Titan II, Stage I, Total Pressurization System Weights

Pressuri-
Pressurization System Used zation

.System Weight Savings
Fuel Tank Weight Oxidizer Tank Weight Weight over Existing

(Ib) (lb) Total (Ib) Titan 11 (lb)

Existing Titan II -150 Existing Titan II - 327 477 0

Pulse Flow, Turbopump Pulse Flow, Turbopump
Bleed - 108 Bleed - 292 400 77

Pulse Flow, Separate Pulse Flow, Separate
Tank - 99 Tank - 280 379 98

Continuous Flow, Continuous Flow,
Turhopump Bleed - 103 Toberp-mp Bleed - 287 390 87

Continuous Flow, Continuous Flow,
SepratL Tank - 97 Spnrate Tank - 278 375 102

Pulse Flow, Turbopump Pulse Flaw, Separate

Bleed - 108 Tank -280 388 89

Pulse Flow, Turbopump Comson Ullage - 347
Bleed - 106 453 24

Pulse Flow, Separate Existing Titan It - 327
Tank - 99 426 51

Continuous Flow, Common Ullage - 347
Turbopump Bleed - lt. 448 29

Continuous Flow, Common Ullage - 347
Srparate Tank - 97 444 33

Table V-5 Titan II, Stage It, Fuel Tank Pressurization System
Weights

Weight Savings
Weight over Existing

System (ib) System (ib)

Existing Titan It 83 0

Pulse Flow, Turbopump Bleed 52 31

Pulse Flow, Separate Reagent Tank 47 36

Continuous Flow, Turbopump

Bleed 50 33

Continuous Flow, Separate

Reagent Tank 46 37
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From Table V-6 it is seen that the system employing constant
flow injection with turbopump bleed supply is predicted to be
the most reliable for both fuel and oxidizer tanks in Stage I and
the fuel tank in Stage II.

Table V-6 Titan I Candidate MTI Pressurization Systems
Reliabilities

Stage I ' 11

Type Subsystem Reliability Rank Reliability Rpnk

Fuel Tank

Existing Titan I 0,9992 2 0.9994 2

Pulse Flow, Turbopump Bleed 0.9988 3 0.9990 3

Pulse Flow, Separate Reagent
Tank 0.9983 5 0.9986 5

Continuous Flow, Turbopump
Bleed 0.9996 1 0.9997

Continuous Flow, Separate
Reagent Tank 0.9985 4 0.9988 4

Oxidizer Tank

Existing Titan 11 0.9991 2 N/A

Pulse Flow, Turbopump Bleed 0.9988 3 N/A

Pulse Flow, Separate Reagent
Tank 0.9983 6 N/A

Continuous Flow, Turbopump
Bleed 0.9996 1 N/A

Continuous Flows Separate
Reagent Tank 0.9985 5 N/A

Common Ullage from Fuel
Tank 0.9988 4 N/A
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Performance - The theoretical pressurization system perform-
ance of the Titan II booster has been computed by the IBM-7094
MTI mathematical model. Pertinent pressurization data are shown
in Fig. V-27 and V-28 for the Stage I and Stage IT systems em-
ploying the solid-stream surface reagent injection process in
each tank. The Stage II oxidizer tank has not been analyzed
because of the satisfactory method now used (nitrogen initial
pressurization and ullage gas expansion). However, for certain
missions with a heavier payload, the MTI system could be employed
to satisfy the increased pressurization requirements. Nominal
mission durations have been analyzed for a typical trajectory with
the expected aerodynamic heating. Pressure control was limited
to +0.5 psia for the run based on minimum pressure requirements
considering a 6- to 8-sec ullage gas expansion process for ex-
pelling the residual propellants. Maximum predicted wall tem-
peratures are within the allowable limiis for the aluminum
structure and are considered realistic in view of the results
obtained from the similar tankage tested during Phase III.
Reagent consumption was moderate for each system, permitting
either turbopump bleed or separate storage without difficulty.

In comparing the performance of the existing Titan 1I pres-
surization system with the MTI system, an increase in reliability
can be realized by a change; however, the weight saving with the
MTI system is a relatively small percentage of the total propul-
sion system weight. The elimination of the heat exchanger and
control of hot gases are the primary factors affecting the re-
liability of the present systems. Only a small decrease in the
Stage I oxidizer tank pressurization system weight is realized
due to the relatively low operating pressure and large amount of
vaporized N 204 . An ullage gas temperature of 150'F was assumed

for the MTI pressurization process and 200 0F for the present sys-
tem. By operating the MTI system at higher temperatures (300°F)
an additional 20% weight saving can be obtained due to further
dissociation of the propellant vapor. The decrease in fuel tank
pressurization system weight is primarily due to a reduction in
components as the gas pressurizing gas molecular weight is as-
sentially the same for both systems.
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Cost - A preliminary study of the effort required for the
development and testing of a Titan II MTI pressurization system
has been made to determine the program duration and cost. Based
on a modular concept, an estimated 4 months would be required
from program initiation to flight demonstration at a cost of ap-
proximately $26,400 per system (plus G and A, overhead, and fee)
excluding the flight test cost and assuming a government-furnished
missile or installation on one of the remaining RW vehicles.
This is a preliminary engineering estimate performed on a typical
system indicated in Fig. V-29 for the pressurization of the Titan
II Stage I fuel tank. A continuous solid stream surface reagent
injection system was selected for each tank due to its high re-
liability and easy installation. This concept could be used for
pressurization of the other tanks with modification to the in-
jector for achieving the proper gas generation rate. All com-
ponents are standard shelf items with only a small percentage of
manufactured parts required. Ample room for installation has
been assumed. However, the Stage I installation would be ham-
pered by space limitations.

The total manpower estimate for the 4-month program outlined
is 2200 man-hours (equivalent to approximately $22,000). The
detailed cost breakdown contained in Table V-7 based on the de-
velopment of a single system; for a larger order, the cost per
system would be reduced due to a 50% decrease in labor per system
(i.e., 2 units $25,900 each, 5 units $17,600 each).

Table V-7 Basis for Cost Estimate, Titan II, MTI (Based

on One System)

Cost ($)

Material

I Reagent Storage Sphere (0.295 cu ft) 1,500

1 Injector Isolation Valve (1/4 in.) 750

1 Injector 100

1 Reagent Fill and Drain Valve (1/4 in.) 750

i Reagent Pressurization Disconnect (1/4 in ) 1,000

Plumbing, Wiring, Supports, etc. 300

Total 4,400

Manpower

2200 man-hours ($10/man-hour) 22,000
System Cost Total 26,400

V-67



RTD-TDR-63-11
2 3

Oxidizer
Tank -0

Legend:
2 Vent Disconnect

Pressurization Disconnect

3 Reagent Storage

4 Fill and Drain Valve

Q Injector Isolation Valve

® Iactor
Splash PlateII

I I Antivortex Baffle
II

Fuel Tank
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The development schedule is shown in Fig. V-30. Initial
effort would be concprned with the generation of a design criteria
document indicating pertinent system requirements from which de-
tailed design drawings can be completed. The detailed design
would be based on a thorough analytical examination of pressuri-
zation and operational characteristics to establish optimum flow
capacity and response. Anticipated problems would center on the
space limitations of the system and structural support require-
ments of the individual components. The fire-in-the-hole staging
technique would present some difficulty in assuring Stage I oxi-
dizer tank MTI system structure integrity during the Stage II
engine operation environment. In addition, heat transfer through
the oxidizer conduit will warrant careful study. Thermodynamic
analysis of the pressurization system would be provided by the
existing mathematical model developed during the present MTI
program. Resultant injector and reagent designs would be adjusted,
if required, during verification testing.

Since all the basic components would be off-the-shelf procured
items, the minimum procurement effort would be handled by design
and engineering personnel. Manufacturing effort would involve
the fabrication of necessary component supports, plumbing, and
performing existing system modifications. Existing quality as-
surance programs on similar components would be imposed to obtain
satisfactory component performance. System development would be
accomplished during the system verification tests. During this
phase of the program, a full-scale mockup of the MTI pressuriza-
tion system would be constructed and flow-tested to the design
performance levels before installation on the flight article.
Due to the extensive .testing performed on similar tankage with
a pulse-type system, no full-scale battleship tests would be
required. Adequate overpressure protection during the 20-sec
captive firing would be achieved by the present vent and pressuri-
zation system. In the event of inadequate pressurization due
to a low gas generation rate, shutdown would be initiated and an
additional test required for the increased capacity injector.
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2. Titan III Transtage

The transtage is the third stage of the Titan III core and
has a basic configuration as shown in Fig. V-31. The titanium
main propellant tanks are in a side-by-side position within the
10-ft-diameter module formed by the aluminum missile skin. Fuel
tank capacity is approximately 137 cu ft of a 50/50 blend of hy-
drazine and UDMIH, while the oxidizer tank contains approximately
169 cu ft of N2 0 The total tank length of 14 ft was not con-

sidered a significant problem for the MTI pressurization system
application. Two pressure-fed 8000-lb-thrust engines are located
toward the aft end of the propellant tanks, oriented along an
axis perpendicular to a line joining the tank centerlines. The
complete transtage consists of two sections, the propulsion
module and the control module. Propellant tanks, engines, and
the pressurization system are contained in the propulsion module,
while the control module houses the transtage instrumentation
and the attitude-control system. The attitude-control rocket
motors are on the missile skin immediately above the separation
line of the two modules.

Transtage applications will include use as an extra booster
stage for high orbits or heavier payloads. Since it will also be
used to transfer the payload from one orbit to another, it re-
quires a capability of three restarts in zero-g environment. For
a zero-g engine startup, the attitude-control rocket motors are
fired for a period of about 10 sec, providing acceleration to be-
gin bottoming the propellants. After the 10-sec period but be-
fore the propellants have completely bottomed, the transtage
engines are started, using the propellant trapped beneath a false
bottom in each tank. The propellant is completely bottomed by the
acceleration from the transtage engines. The transtage is capable
of 500 seconds of continuous operation after 6.5 hr in orbit (in
the zero-g environment). The entire transtage weighs about 28,000
lb loaded with propellants, with weight kept at an absolute mini-
mum.

The configuration of the propulsion system now adopted for the
Titan III transtage is shown in Fig. V-31. Helium gas is com-
pressed to 3600 psi in two 10.25-cu-ft storage spheres. These
spheres are made of titanium and weigh 235 lb each. Each contains
23 lb of helium gas, which passes through regulator valves to main-
tain propellant tank pressures at approximately 163 psi.
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The results of this study indicated that approximately 250
lb cat be saved by using a dual-injection MTI pressurization
systr,' instead of the present helium configuration, with only a
slight reduction in reliability. A modular-type system has been
proposed. It could be developed during the Titan II test pro-
gram and later incorporated in the Titan III design. Because of
elimination of the helium spheres, a re-evaluation yf vehicle
dynamics would be required to verify stability and contrql re-
quirements. In view of the zqro-mission requirement3 and un-
certainty of the reaction process, continuous pressurization or
adoption of the common ullage MTI pressurization concept is not
recommended. The titanium tankage is particularly desirable for
the MTI pressurization system since high operating temperatures
could be efficiently used for continuous missions. For discon-
tinuous missions, the high operating temperatures would be less

desirable since pressurization could not be provided by the MTI
system during a zero-g cooldown. An investigation of repressuri-
zation requirements indicated that approximately 25 sec may be
required unless a special high-capacity injector is used during
this period.

Preliminary Design Schematics - Figures V-32 thru V-36 show
design schematics of the MTI pressurization systems cctisidered
most promising for Titan III transtage application. In all the
MTI systems, the injector is a self-contained (modular-type)
unit attached to the inside of the tank manhole cover. The in-
jection duration is controlled by an electrically operated sole-

noid, with its movement perpendicular to the reagent flow
direction, reducing the power requirement. The solenoid is

activated by a pressure switch monitoring propellant tank pres-
sure. The tank is pressurized by controlled combustion of the
hypergolic propellant and reagent within the tanks. (The term
"reagent" refers to fuel when injected into the oxidizer tank
and to oxidizer when injected into the fuel tank,) Overpressure
protection is provided by the existing pressure vent and relief
system, with an additional capability of closing the reagent sup-

ply valve in the event of a failed open injector.

When an MTI system is used in a restart mission, it is not
intended that tank pressures be maintained throughout the coast
period. Instead, the injection process would bc activated up to
5 sec before engine start, allowing the tank pressure to rise

sufficiently for propellant feed. An auxiliary injector could
be added to cut down on the time needed for prepresstirization.

This would be especially advantageous in conserving the attitude-
control system propellant supply when firing in a zcro-g environ-
ment, where the attitude-control system is used to provide
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acceleration to bottom the propellants in the main tanks. The
propellants must be bottomed before the injection begins, since
the injected raagent must come into contact with the propellant

for the process to be controllable. Detailed descriptions of
the operation of the proposed systems are contained in the fol-
lowing pz:raraphs.

MTI Dal Injection, Titan III Transtage, Gas Pressurized 1
Reagent Supply (Fig. V-32) - Helium or nitrogen gas at 1700
psi is released from a 1/3-cu-ft titanium sphere through a
pressure-control valve into the two reagent storage tanks
which are titanium spheres with volumes of 1 cu ft and 1/3
cu ft. The pressurized reagent passes through the reagent
supply through the reagent supply valves to the injectors.

MTI Dual Injection, Titan III Transtage, N2 Pressurized Re-

agent Supply (Fig. V-33) - This configuration is similar to
the previous configuration, except that an existing ores-
surized gas source is used. Nitrogen gas at 30C0 psi is

used to supply pressure to the transtage atcitude-control
system propellant tanks and, in this configuration, also
supplies pressure to the MTI reagent storage tanks. A bredk-

away-typc coupling in the nitrogen line provides for separa-
tion of the two systems when the control module separates
from the propulsion module. Reagent is supplied from two
titanium spheres, having volumes of i cu ft and 1/3 cu ft.
The reagent passes through the reagent supply valves into the
injectors.

MTI Dual Injection, Titan III Transtage, Pump Fed, Main Tank
Reagent Supply (Fig. V-34) - Pumps are used to supply reagent
under pressure to the injectors. The reagent is tapped from
locations beneath the false bottom of the main propellant
tanks, insuring a constant reagent supply during accelcratio"Is
from zero-g. Based on estimates of component weights, thie
configuration was found to be the lightest system.

MTI Dual Injection, Titan III Transtage, Mechanically Pres-
surized Reagent Supply (Fig. V-35) - Reagent is stored in
collapsible bellows encased in gastight chambers. Inside each

chamber and behind the bellows is a spring with a minimum
spring force per square inch of 100 lb, equal to the desired
pressure differential across the injector. An open line from
the spring chamber is tapped into the main tank ullage; conse-
quently, the pressure behind the reagent filled bellows is the
sum of the pressures exerted by the gas and by the spring.
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Since the gas pressure is equal to the ullage pressure, the
rn ,uired ,P across the injector is always ma±.ntained by the
.'ing. -, "

fTI Single Tank Injection, Common Ullage (Fig. V-36) - Al-
though a spring-loaded reagent storage chambe" is shown in
Fig. V-36, any of the preceding reagent storage and pres-
surization techniques can be used for this system. Reagent
is supplied to only one tank, and part of the pressurizing.
gas is passed from the ullage of the primary tank into the
secondary tank through a thin-walled stainless steel commcn
ullage line 1 in. in diameter. The proposed method of gas
entrance into the secondary tank is called subsurface g~is in-
jection, found to be the most successful technicue in the

Phase I experimental program.

Weight - To compare weights of the various pressurizatioa sys-

tems presented for Titan III transtage use, conservative eszitates
were made based on the preliminary design configurations. The
final pressuiization system weights are compared at engine shut-

off, so the pressurant weight includes the combustion products
with condensibles, the initial pressurizing gas, and the vaporized
propellant. It was assumed that, for the MTI systems, an ambient
cooldown of the saturated ullage gases to 100°F was the condition
determining the amount of pressurant required. this assumiption
is conservative since it represents an extreme rase for a transtage
mission using the MTI system. In all cases, weight estimates were
based on gas storage tanks made of titanium and initially pres-
surized with helium to 3600 psi. Approximations if component
weights were obtained from similar existing units.

Weight comparisons of the six pressurization systems evalu-

ated are given in Table V-8 and Fig. V-37. Total hardware weight
comprises pressurization and service lines, switches, valves
supports, reagent storage containers, gas pressurant tanks, pumps,
and injector. It was found that using any of the MTI systems
rather than the present helium system would result in a saving

of 238 to 271 lb.
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The reliabilities of the various pressurizing systems for the

- :2nt24.n M1,1^ It 0 A --.w.,rv iji t'ff-

tamned in Table V-1O. The remilts indicate the present helium-
ou&l.ed system to be the most reliable, the dual-injection

(nitrogen, independent gas source, and mechanical pressurization)
and the single-tank injection (common ullage) system to be the
next most reliable. The pump-driven dual-injection system is in-
dicated to be the least reliable.

Calculation of the reliabilities was based on the latest re-
vision of Martin's Engineering Reliability Policy and Procedures
Manual, as indicated in the preceding section. A simplifying as-
sumption was made in the calculation of the reliabilities, namely
that the mission consisted of a 500-sec (0.139-hr) firing. No
attempt was made to calculate reliabilities during the coast pe-
riod or for restarts. In addition, the determination of the
generic failure rate, GFr, for the MTI injectors was established

by assuming that this failure rate was equal to that of the most
unreliable component, the reagent supply valve. It is probable
that if the G r were more accurately determined, the reliabili-

ties of the various MT1 systems would have compared more favor-
ably with the present helium pressurization system.

Table V-9 Pressurization System Reliability Comparison

a. Titan III Transtaee

Component No. Required GF r x 106K a  K op tF r x 1

Reagent Supply Valve 2 110 1 145 443.4
Airborne Pressure Control

Switch 2 0.1 1 145 29.0
Vent and Relief Valve ? 2,85 1 145 114.9
Helium Storage Tank 2 0.07 1 145 2.8
Hlium Check Valve 2 5.0 1 145 201.6
Helium Filter 2 0.3 1 145 12.1
Diffuser 2 0 1 145 0
Flexible Line and Fittings 10 0.448 1 145 90.3
Hard Line and Fittings 18 0.224 1 145 81.3

Total - 975.4

Reliability 0.9990
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Table V-9 (cont)

.... .... _ _ r _ _ _ . _~ nNo.66

Component Required CF x 106 tF x 10

Reagent Supply Valve 2 iL.U i 14 44J.4
Airborne Pressure Control

Switch 2 0.1 1 145 29.0
Pressurant Load Hand Valve 1 0.112 1 145 2.3
Pressurant Storage Container 1 0.07 1 145 1.4
Pressure Check Valve 2 5.0 1 145 201.6
Injector 2 11.0 1 145 3100.0
Flexible Line and Fittings 2 0.448 1 145 13.0
Hard Line and FiLLings 6 0.224 1 145 19.6
Vent and Relief Valve 2 2.85 1 145 114.9

Total - 3925.2

Reliability - 0.9961

c. MTI Dual-Injection, Pump-Fed,
Main Tank Reagent Supply

No. 6
Component Required GF rx 10 K K tF x 106r a op r

Reagent Supply Valve 2 11.0 1 145 443.4
Airborne Pressure Control

Switch 2 0.1 1 145 29.0
Vent and Relief Valve 2 2.85 1 145 114.9
I jector 2 11.00 1 145 3100.0
Pumps 2 13.5 1 145 3920.0
Flexible Line and Fittings 6 0.448 1 145 390.0
Hard Line and Fittings 2 0.224 1 145 6.3

Total - 8003.6

Reliability - 0.9920
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Pressurized Reagent Supply

No. 106 K; 1  1 6
-------- Rpciu rod GF xK tF 1

Reagent Supply Valve 2 11.0 1 145 443.4
Airborne Pressure Control

Switch 2 0.1 1 145 29.0
Vent and Relief Valve 2 2.85 1 145 114.9
Injector 2 11.00 1 145 3100.0
Bellows 2 2.2 1 145 640.0
Springs 2 0.1 1 145 29.0
Flexible Line and Fittings 2 0.448 1 145 13.0
Hard Line and Fittings 6 0.224 1 145 19.6

Total * 4388.9

Reliability * 0.9956

e. MT1 Single-Tank-Injection, Common Ullage

No. 6 6
Component Required GF X 10 K K tF x 106r a op r

Reagent Supply Valve 1 11.0 1 145 221.9
Airborne Pressure Control

Switch 1 0.1 1 145 14.5
Vent and Relief Valve 1 2.85 1 145 107.5
Injector 1 11.00 1 145 1550.0
Bellows 1 2.2 1 145 320.0
Spring 1 0.1 1 145 14.5
Isolation Valve 1 5.0 1 145 725.0
Gas Diffuser 1 11.0 1 145 1550.0
APressure Switch 1 0.1 1 145 14.5
Flexible Line and Fittings 2 0.448 1 145 13.0
Hard Line and Fittings 3 0.224 1 145 10.0

Total - 4540.9

Reliability - 0.9955
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Table V-10 Summary of Pressurization System Reliability,
Titan III Transtage

Type System Reliability

Present Helium Pressurization System 0.9990

MTI Dual-Injection, Gas Pressurized
Reagent Supply (both nitrogen and independent gas) 0.9961

MTI Dual-Injection, Mechanically
Pressurized Reagent SuppLy 0.9956

MTI Single-Tank-Injection, Common Ullage 0.9955

MTI Dual-Injection, Pump-Fed
Main Tank Reagent Supply 0.9920

Performance - The theoretical pressurization system perform-
ance of the Titan III tranatage has been computed with the IBM-
7094 MTI mathematical model. Individual tanks are pressurized
by the direct reagent injection process for a continuous 450-sec
mission. System thermodynamic characteristics are shown in Fig.
V-38 and V-39, with a polytropic gas expansion process used for
the final 15 sec of mission duration. Pressure control is main-
tained within the 1% tolerance range by the existing pressure
switches. Maximum expected tank wall temperatures are well within
the allowable for the titanium structure, and the low reagent con-
sumption minimizes pressurant storage requirements.

In comparing the performance of the Titan III transtage
equipped with an MTI pressurization system with that of the pres-
ent helium system, two significant factors must be considered.
For a continuous mission, the helium system absorbs a large weight
penalty because of the cooling caused by gas expansion, whereas
the heat generated in the MTI system is used effectively to re-
duce the pressurant density. Conversely, for an environment
cooled mission, as could be encountered in a 6.5-he period, the
higher gas molecular weight inherent in the MTI process would
invoke a weight penalty on the MTI pressurization system. For
comparison, however, the vehicle was assumed to be capable of
either type of mission, and a weight saving of 250 lb was still
realized with the lTI pressurization process.
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From the foregoing reliability study, it is indicated that an
MTI system using a gas pressurized reagent supply (such as pres-
ented in Fig. V-32 and V-33) would give the best overall perform-
ance for continuous operation of the transtage. The reliability

valv "o s--. p.--i. t rc- i-ainn V .U-14). which

represents the greatest weight saving, is significantly low. A
fair evaluation of the single-injection, common ullage system
(Fig. V-36), which also represents a substantial saving in weight,
zannot be made at this time due to a lack of test data. Moreover,
current pressurization system design philosophy prevents pressur-
ization of an oxidizer tank with a fuel-rich gas.

When evaluating the performance requirements of the coast-
inject mission, several problems prohibit the use of an KII sys-
tem in its present stage of development. In addition to the
problem of the pressurizing gases cooling down during a coast pe-
riod, there is also an undemonstrated ability of the MTI system to
operate effectively in the zero-g environment. Although propel-
lant orientation is accomplished by the attitude-control system
used to provide initial acceleration for restarts from zero-g,
bottomming the propellants is doubly important In an MTI system,
since the injected reagent must come into contact with the pro-
pellant for the process to be controllable. This situation would
increase the demand on the attitude-control system if it were used,
and its capacity would possibly have to be increased, thus reducing
the weight advantage. The configurations shown in Fig. V-32 and
V-33 depend on acceleration to orient the reagent supply, unless a
bladder or other reagent container is used. In the single-tank-
injection, conmmon ullage configuration of Fig. V-36, additional
valvinS would be needed in the common ullcge line to keep the pro-
pellants from undesirable mixing.

The present sequence of operations requires that the propellant
tank pressures be increased from the 8-psig nitorSen blanket pres-
sure to 92 psia before launch to verify airborne pressurization
system operations. With the adoption of the MTI pressurization
process, it is recommended that the pressure be raised to 60 psia
with nitrogen just before MTI pressurization to 92 psia, to avoid
an underpressure kill from cooling of the pressurants. A second
benefit is derived from this procedure since the injector differ-
ential pressure will not exceed the 200-psi maximum for a signifi-
cant period of time. For the purpose of the preliminary study
effort performed, however, the MT1 pressurization process has been
used from 8 to 92 psi to obtain maximum system heating and reagent
consumption.
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During the 110 sec of solid rocket motor operation and 140
sec of the liquid core boost, the MTI system is inoperative. It
is anticipated that a slight reduction in transtage propellant
tank pressure because of cooling before launch would be offset

y a . rrAvnmrt I i Li hi fli hI hut for th e Pur oc f th i
study it was assumed that tank pressures were at 90 psia initially
during the 165 sec of the second stage of the liquid core. At
this time, the transtage prop,.lant tanks are brought up to the
163-psia operating pressure by the NTI process. System response
and maximum temperatures have been predicted to enable a struc-
tural analysis of the tankage during this critical period.

Steady-state operation of the transtage propulsion system has
been based on the 163-psia initial pressuzi and 459F minimum sys-
tem operating temperature with the minimum ullages and nominal
propellant flow rates. Before the first burn, a hand computation
was performed to determine the reagent consumption for this con-
dition.

A specific restart mission was selected to establish maximum
reagent consumption. For this case, ullage temperatures were
assumed to reach bulk propellant temperature during coast. Be-
fore the second and third burns, MTI system response is predicted
with the aid of the IBM-7094 computer program. Since the repres-
surization occurs just before restart for this mission, the ini-
tial temperatures are the same at the start of propellant expulsion.
A detailed representation of the complete mission and characteris-
tics of the pressurization process are shown in Fig. V-40 and V-41.
To provide residual propellants for cooling, the injector has been
shut off when the propellant level reaches the false bottom. Based
on the possible elimination of liquid level sensors for injection
termination, a study of the amount of pressure decay experienced
with various volumetric changes indicated that the rate is equiv-
alent to 1 psia/sec.

Cost - A preliminary cost analysis has indicated that an MTI
pressurization system could be installed in a Titan III transtage
in 4 months for a cost of approximately $40,000 (plus G+A, over-
head, and fee), assuming no additional problems requiring a re-
design of the system or its components are encountered. Additional
transtage units could be converted to MTI for $17,400 each. The
MTI configuration shown in Fig. V-32 was used as the basis for the
engineering cost study. Except for the injector, which would be
a newly developed part, all the components needed to construct the
MTI system are either shelf items or are in use on the helium pres-
surization system. Consequently, the injector accounts for most of
the labor allocated to component design, manufacturing, and compo-
nent testing (Fig. V-42).
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The total work load allowed for the 4-month program outlined
is 2600 manhours, estimated to cost $26,000. The component cost,
including testing, for the first transtage unit is $12,000, making
the total cost $38,000. Additional units, when development and
-- 4- 1.,,1-a mnlmtpd. entid be attached to the transtage
for $17,400 each. A detailed cost breakdown for a typical MT1 in-
stallation has been provided in Table V-l.

The initial step in developing the Titan III transtage MT1
pressurization system is to outline the performance requirements
of the MTI system and prepare a criteria document. The perform-
ance criteria would probably parallel the requirements for the
helium system, but since it is not being proposed that the MT1
sysLem be capable of a restart from zero-g, the performance cri-
teria for an MTI system may not be so demanding. Once the re-
quirements were stated, the entire MTI system would be accurately
designed to achieve the proper size, weight, and performance re-
quirements for each line and component. Also included in this
effort is the determination of what alterations the transtage tanks
must have to accept the MTI unit. Since the MTI is attached to the
tanks as a modular unit, such alterations, except for the manhole
cover, would be minor. However, some components not in the MT1
system itself would have to be rearranged so the transtage center
of gravity is not shifted from its present axis. This relocation
of components would be studied in the work effort entitled "Vehicle
Dynamics Analysis." The group performing this analysis would also
be responsible for the design of adequate supports for the relo-
cated components, since the supports enter into the weight balance.

To establish the man-loading, it has been assumed that the job
of procurement can be absorbed into the other manhour allocations.
The procurement phase of the program consists of preparing the
paperwork involved in buying shelf items and arranging for in-
house manufacture of components.

To meet the missile performance criteria, all new components
or parts would have to comply with the quality assurance test re-
quirements specified in the applicable documents. Such testing
would be conducted at Martin test facilities or be subcontracted
to a testing agency. During the test phase of the new components,
installation of the MTI system in the transtage could be started,
using the parts already available. System installation would be
completed when the tested components were ready for use.
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Confirmation tests would consist of tank pressurization and
propellant outflow tests and would be performed on the first tran-
stage unit only. Any minor design alterations resulting from the
test results would be used in all subsequent units. The transtage
would also be verification fired, thus proving the capability of
the MTI system. The system would finally bu Le Led i. a dLmont-
stration flight and its performance in flight monitored by exist-
ing telemetry.
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Table V-Il Basis for Cost Estimate - Titan 11T Transtage

Parts Usable from Helium System:

Two Pressure Switches
Two Vent and Relief Valves
!wu Guts Fii .aii. . ra
Two Check Valves (gas)
One Gas Line Disconnect

Extra Components Needed in the MTI System (based on one transtage Unit)-

Cost Each Total

Two Injectors 1,200 $ 2,400*

Two Reagent Supply Valves 1,500 3,000

Two Reagent Fill and Drain
Valves 750 1,500

Two Reagent Fill and Drain
Disconnects 1,000 2,000

Plumbing -- 300*

Two Manhole Covers (altered) 350 700*

Supports -- 200*

One 1-cu-ft Reagent Sphere 2,500 2,500

One 1/3-cu-ft Reagent Sphere 1,500 1,500

One 1/3-cu-ft Gas Sphere 1,500 1,500

$15,600
*Included in Manhour Cost $3600

Total Material Cost = $12,000

No. I -- One Missile

Total Manhours - 2800 at $10/Manhour

Manpower Cost $ 28,000
Material Cost = 12,000

Total $ 40,000

No. 2 -- Five Missiles

Manpower Coat = $ 5,400

Material Cost = 12,000

Total $ 17,400 Each
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VI, CONCLUSIONS AND RECOMMENDATIONS

As a result of the Phase III test program, the feasibility
and k-liabliltV uf the :±! L~k hitui Lan-
cess for missile propellant tank pressurization has been estab-
lished. However, additional test effort is recommended to
establish process infl-ern<"f p-rameters before a flight demon-
stration can be attempted. The efficiency of the pressurization
process has established a definite weight advantage over the
unheated stored gas system in high-pressure systems with only a
slight advantage when compared to present autogenous or stored
gas pressurization systems of low-pressure booster stages.
Based on current pressurization system usage, the common ullage
pressurization of the oxidizer tank is not recommended (though
successfully demonstrated during the small-scale experimental
program) because of the presence of a hydrogen atmosphere in the
oxidizer tank. Consequently, the pulse mode, solid stream sur-
faceg dual reagent, injection process demonstrated on the flight-
weight tanks is advocated for future applications. For missions
involving a zero-gravity coast period, present pressurization
techniques will require propellant orientation before repressur-
ization at this time.

During the course of the program, it became evident that
variations in process reaction mixture ratio particularly in the
fuel tank caused a variation in gas molecular weight and in the
amount of condensibles formed although pressure control within
*0.5 psi was obtained. The extent of propellant degradation
resulting from the quantity of condensibles formed was found to
be relatively low with a negligible effect on theoretical rocket
engine specific impulse for 2- to 3-min propellant expulsions.
Consistency of the reaction mixture ratio is an area for future
study; however, good repeatibility was obtained with the Phase
III injection system.

1. Detailed Conclusions

The following study conclusions are offered.

1) Precise pressure control can be accomplished by the
pulse-mode, direct-injection method in a full-scale
propellant system;

2) Moderate temperatures can be achieved by adequate
propellant penetration with the solid-stream surface,
reagent-injection process to permit the use of thin-
wall aluminum tankage in a low-pressure, flight-type
system;
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3) PropellanL degradation resulting from the reaction
process is not an important consideration since the
amount of contamination encountered in a nominal
3-min mission would be less than 0.5%;

4) Theoretical performance predictions computed with
the IBM 7094 MTI Mathematical Model show good cor-
relation with actual Phase III test results;

5) A significant weight saving with a high degree of
reliability can be realized by employing an MTI pro-
pellant tank pressurization system in current booster,
and space vehicles.

2, Specific Recommendations

Martin makes the following specific recommendations.

1) Allow further investigation of reaction-influence
parameters concerning reaction mixture ratio, com-
bustion zone, injector design, and quantity of con-
densed products of reaction;

2) Develop a multipurpose, flight weight, modular pulse
mode, solid stream surface, reagent injection system;

3) Initiate a flight demonstration program employing
remaining Titan I1 R&D missiles;

4) Study adaption of an MTI pressurization system to
the Titan III transtage;

5) Study adaption of an MTI pressurization system to
the Titan III solid rocket motor, fluid injection,
thrust vector control system.
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VII. FUTURE STUDIES

The successful application of a chemical pressurization sys-
tem to a flight-weight, full-scale system has established the
fe;iblity of thE '-M pressurization technique for the nitroge
tetroxide and 50/50 fuel blend of hydrazine and unsymetrical
dimethylhydrazine storable liquid propellants. Although some
additional knowledge concerning the nature of the combustion
process and influence parameters is still needed, this technique
shows considerable promise for propellant tank pressurization
uf both booster and space vehicles. Thu avaiiability of energy
sources such as turbopumps, gas generators, radiant engine heat,
etc will obviously influence the selection of a pressurization
system for a particular application. However, the inherent
high-density, low-pressure storage of the pressurant and rela-
tively low molecular weight of the gaseous combustion product
produced allows the design of a highly efficient modular-type
unit that can be adapted to a variety of configurations. Based
on the extent of investigation completed, several areas of ad-
ditional study appear warranted.

A. HYDROGEN PRESSURIZATION OF AN OXIDIZER TANK

Before complete development of a common-ullage MTI pres-
surization system can be attempted, a detailed examination of
the feasibility of hydrogen pressurization of an oxidizer tank
is required. The use of hydrogen as a pressurant in the pres-
ence of an oxygen atmosphere is particularly important in cryo-
genic or MTI systems due to the capability for high-density
storage. Since this is the lightest gas available, the extent
of weight reduction may be desirable if methods of eliminating
the potential hazard can be identified. On completion of this
feasibility-type study, an extensive investigation of techniques
to eliminate a flammable reaction inside the oxidizer tank with
the common-ullage configuration would be required. In addition
to the present method developed of subsurface cross-flow gas
impingement with storable propellants, further study of ways to
Eliminate the hypergolic reactants by suitable gas conditioning
methods should be considered. The feasibility of common ullage
or hydrogen pressurization of cryogenic systems should be de-
termined in view of currently planned propulsion systems. Final
verification of systems developed would then be subjected to a
full-scale, battleship-tank test program in an isolated area.
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B. INVESTIGATION OF OTHER REAGENTS

If generation of a noncombustible gas or elimination of haz-
ardous reactive constituents is desired in a flammable pres-
aurant. , variety of different gaseous byprod1ct-' ean hp c1h40%y-d

by using reactants other than the main hypergolic propellants.
Several possible reactants for the storable propellants investi-
gated are presented in Table 11-4. In general, heavier gases
would be evolved by ractants other than the storable propel-
lants; however, eliminating undesirable byproducts may offset
this disadvanLage, particularly in a common-ullage system. Sys-
tem thermodynamics and propellant contamination would be ana-
lyzed in addition to gas composition, preferably on a small-scale.

C. MTI WITH OTHER PROPELLANT COMBINATIONS

The continual search for high-energy, high-density liquid
propellants necessitates advancing pressurization system tech-
nology. Unique problems associated with the MTI process con-
cerning reaction mixture ratios, process gas composition and
condensed products of reaction require initiation of a research
program when promising propellant combinations are identified.
Since the MTI pressurization process is applicable to both
ambient-stored and cryogenic propellants, studies should be ex-
tended beyond the effort completed under AP04(611)-6087. Be-
sides the small-scale primary research contemplated, effort
would be expended on a performance demonstration with hydrogen
peroxide, chlorine trifluoride, hybaline, and cryogenic propel-
lants with a simulated full-scale test article.
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D. MrI TEP-TMAL GRADIENT STUDY

Successful development of an MTI pressurization system re-
quires a thorough knowledge of gas, liquid, and wall temperatureprofi_-. Tb. edl-Aps trhrmnal gradient atudy would be es-

sentially a follow-on to a test program similar to that conducted
under AF04(611)-8198 Phase III. Particular emphasis would be
placed on obtaining oxidizer tank combustion temperatures and
liquid temperature stratification by infrared photography tech-
niques to supplement ullage temperature data previously accumu-
lated. Wall heat distribution data would he obtained during the
full-scale system test by temperature indication from heat-
sensitive paint and color photography. information acquired
would be used to est~hliq-h precise internal heat transfer film
coefficients to aid in thermodynamic analysis of space vehicle
applications.

E. MTI WITH THIXOTROPIC PROPELLANTS

In addition to the new high-energy liquid propellants pro-
posed for MTI pressurization investigation, the semiliquid gelled
propellants under present development should be examined for
possible application of an MTI pressurization system, Since
many of the high-energy thixatropes employ either powdered beryl-
lium or aluminum as a thickening agent, the possibility of cor-
ing or developing large sintered particles must be determined.
The anticipated high reaction temperatures associated with the
type of propellant and reduced natural convective cooling inher-
ent in the high viscosity fluid will require considerable study
to assure elimination of fuel autoignition. The development of
an 14TI pressurization system for gelled propellants would be
particularly advantageous for long-terra, zero-gravity space ve-
hicle applications. Initial experimental work would require con-
siderable small-scale system testing to establish the process
feasibility and the desirable techniques followed by a full-
scale system development program based on probable future applica-
tions.
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F. MT1 ZERO GRAVITY PRESSURIZATION ANALYSIS

Before an MTI pressurization system can be successfully
applied to a space vehicle, a detailed investigation of pressur-
imati-on '_vte"requirement ................- Audi --
ical studies with a relativeLy short tuli-scale ground test
program. The analytical work would concentrate on heat transfer
encountered in space with the resultant pressurant demand. If
continuous pressurization is required during a zero-gravity
coast period, considerable analysis of propellant orientation
and reaction characteristics would be required to study the fea-
sibility of precise pressure control. Studies would also be
made concerning response characteristics of a system, initiating
repressurization just before engine ianition using a propellant
orientation device. Included in this program, logically, would
be an investigation of possible unique configurations to elimi-
nate associated zero-gravity and space environment cooling prob-
lems.
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APF4NDIX A

MUFPULq fIN YSTF.M rIPTTMTZATIOIN PROGRAI

The Propulsion System Optimization Program is an analytical
technique for determining propulsion system weight with the IBM
1620 digital computer. The program computes the size and weight
of the pressurization system, propellant system, and engino Sys-
tem for a storable bipropellant configuration. Propulsion system
mass fraction, impulse, density, and ideal velocity increment are
also computed. Capability is provided for variation in thrust,
total impulse, and engine design. Since spherical propellant

Lanks are assumed, the total impulac iS limited to I x 107 lb-
sec. Ambient stored gas pressurization is used with single-stage
regulation.

1. Engine System

The engine system computations are performed in two separate
areas. The first area involves the calculation of the engine size
from both theoretical and empirical formulas. In the second area
engine system weight is determined based on empirical data and
equations derived from weight data on existing systems and in-
fluence parameters. These relationships establish the total en-
gine system weight for a regeneratively cooled engine with either
gimbaled or fixed vector control. Capability is also provided
for selecting a gas- or pump-pressurized propellant feed system.

The assumptions used for engine system computations are:

1) One regeneratively cooled engine;

2) Combustion chamber efficiency, il a 0.96;

3) Chamber convergence angle - 30 deg;

4) Chamber ares a five times the throat area;

5) InJection pressure drop = 0.2 P + 15.

c
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2. Propellant System

The propellant system includes the propellant, tankage, and
storage valves rcquircd for a liquid bipropellant system. Storake
valve size, propellant quantity, and tank volume, are theoretical.
Valve weights are empirical and a function of size. Tank thick-
ness is based on allowable hemispherical stress with a minimum
thickness established by manufacturing limitations.

The assumptions concerning the propellant system are:

1) Two spherical tanks;

2) 5% ullage volume;

3) Overall stress factor - 1.65;

4) Two storage valves (6P - 0.1 psi).

3. Pressurization System

Calculation of storage container, regulator, and vent valve
size is theoretical; valve weights are empirically determined
from size. Pressurizing gas requirements are determined by an
adiabatic energy balance with provision for simulated heat trans-
fer. A 5% margin is allowed for residual unusable pressurizing
gas. Mass transfer at the gas-liquid interface is neglected.
Tank pressures are a function of engine chamber pressure for a
gas-pressurized propellant feed system, or NPSH of a turbopump
system.

The assumptions with respect to the pressurization system are$

1) Residual gas is based on a final storage container
pressure 100 psi above regulated pressure;

2) One spherical storage container;

3) Overall safety factor - 1.5;

4) Gas required includes 5. margin;

5) Equal propellant tank pressures;

6) Propellant vapor pressure - 0.
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APPENDIX B

PROCRAM DESCRIPTION R110K MTI APPLICATION STUDY

1. Heated and Unheated Stored Gas Systems

The general energy equation is applied to the heated and un-
heated systems, with internal tank heat transfer and Joule-
Thompson effects neglected. These assumptions are generally
conservative, since heat absorption by the ullage gas occurs and
thus reduces pressurizing gas requirements.

The heated stored gas system differs in that auxiliary heating
(engine-originated) of the pressurant gas is applied before pro-
pellant tank inflow. Conservatively, the amount of heating is
assumed sufficient only to maintain the ullage gas temperature
at bulk propellant conditions. The effect of extended space stor-
age time on both types of stored gas systems is considered by
accounting for gas leakage from the high-pressure gas valves. A
leaktight system is assumed except for the high-pressure valves
(four per system), with leakage parameters comparable to those
experienced by superior valve designs. Average storage pressures
(measured from initial to final) are used in the leakage compu-
tations over the total space storage life. Vaporized propellant

(N 204) is determined in a similar manner to the MTI system.

The weights of valves, accessories, hardware, and related
fittings are obtained by empirical factors, and are propoitional
to the storage container size with a prescribed minimum value.
Storage container weights are computed directly using a high-
strength titanium alloy Ti-13CR-llV-3al.

a. Unheated Stored Gas System

The total system weight penalty consists of the following:

1) Stored inert pressurant;

2) Stored inert gas to cover leakage;

3) Vaporized oxidizer;

4) Storage container;

5) Hardware, valves, etc.
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Neglecting heat transfer and the Joule-Thompson effect,
the weight of initially stored inert presaurant is ex-
pressed by the following equation:

W s el = R T Psc f A sc[

Initial storage pressure of 3000 psia and a final storage
pressure of 200 psia or two times the tank pressure (which-

ever is larger) is assumed.

The amount of vaporized oxidizer N2 0 4 ) i computed from

empirical equations of the following form:

Pv

PTv C1(P T)2. [B- 2]

Values for C1 and C2 were determined empirically from

analytical programs considering identical mass transfer
processes. These were found to vary, principally as a

function of burning time, and to a lesser extent, as a
function of type of inert gas and gas temperature. Ex-

ceptions were allowed to account for special conditions.
Namely, the amount of vapor must always be equal to or

greater than the amount required to saturate the initial

ullage. Furthermore, for extended space storage times,
the vapor is determined directly from a saturated total
oxidizer propellant tank.

Dalton's Law is used to relate the partial pressures thus
determined for a gas or propellant vapor weight penalty.

Gas leakage across the four high-pressure valves is de-
termined from basic leakage parameters:

1) -in. valve, 10 cc/hr - helium gas @ 3000 psi, related

to 14.7 psia and 60'F;

2) h-in. valve, 80 cc/hr - helium gas @ 3000 psi, related
to 14.7 psia and 60F.

The size of the valve is a function of the thrust rating;
however, since leakage considerations concerned space
vehicles and the lower thrust levels, the k-in. valve

size leakage was used.
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Ct  0.011 lbm /mo for helium

Ct = 0.0275 lb /mo for nitrogen

Total Leakage C X Storage Time Pinitial + "fnnal) [B-3]ToalLakge- 3000 ×2

Leakage computed from Eq [B-3] is related to a stored weight

penalty by the product factor P 1 :c1Pscf Lsi

Psci Zsef

Storage container weight is calculated from thin-wall
hoop stress formulas for internally pressurized spheres.

Total Mass Inert Gas [B-4]
sc Initial Gas Density

(1728) (1.5) Pinitial x Vsc x Safety Factor

Sc (Stress/Density Ratio)

The program has provisions for a minimum wall thickness;
therefore, the wall thickness dictated by stress considera-
tions is initially computed, and the container weight in-
creased accordingly if the resultant thickness is below
the minimum value established, which for this application
is 0.02 in.

The weight of hardware, valves, lines, and accessories is
computed as 20% of the storage container weight, with a
minimum value of 12 lb. The size of propellant tanks is
based on a mixture ratio, engine expansion ratio, and com-
bustion pressure consistent with the vehicle mission-
trajectory and feed system, as indicated in Table B-1.
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Table B-I Propellaut Tank Sizing Factors

Specific Impulse
Engine Engine Combustion lbf
Mixture Expansion Pressure ( se

Case Feed System Ratio Ratio (psia) m )

I Pump 1.9 8 750 277

11 Pump 2.0 12 750 277 to 288.8

III Pressure 2.0 12 PT - 50 253 to 282

IV Pump 2.0 12 750 277 to 288.8

V Pressure 2.0 12 PT - 50 253 to 282

VI Pressure 2.0 40 PT " 50 309 to 312.5

VII Pressure 2.0 40 P - 50 309 to 312.5

The size of the propellant tanks is computed by:

S I o [B-61

Vtf " ( I ) as  f

b. Heated Stored Gas System

The heated stored gas system program is essentially the
same as the unheated system except the assumption is made
that the heat added is sufficient to remove the expansion
and work cooling effects in the propellent tank. This is

the same as if Eq [B-l] were multiplied by (I). A nomninal

amount is added to the accessories to account for the heat
exchanger weight. No penalty is introduced for bleeding
heat from the rocket engine.
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2. MTI Pressurization System

The general energy equation is applied with heat transfer to
lines and walls. A combustion mixture ratio, and thus gas product
molecular weight, is estimated for both pressurizing methods.
Experience gained from test data from concurrent pressurization
programs forms the basis of those estimations. Molecular weight
and gas temperature variations between propellant tanks are used
to account for line heat transfer and secondary chemical reactions
occurring in the nitrogen tetroxide propellant tank. The effects
of extended space storage time on system performance are accountable
by assuming gas temperatures cool to bulk liquid temperatures coin-
cident with a net increase in molecular weight.

The total system weight penalty cotisiats of the following,

where applicable:

i) Pressurant gas reaction products;

2) Vaporized oxidizer;

3) Additional main propellant tankage to store pres-
surant reactants;

4) Hardware, lines, control valves, etc;

5) Injection system.

The weight of the pressurant gas reaction products in either pro-
pellant tank is computed by the equation of state:

T
WaTt 1545[B8Pt- ~ [B-B]g P t V t MW"

Ullage gas temperature and molecular weight of gas products are
fixed inputs for this program. At the present time, these are con-
sidered to be a function of reaction mixture ratio (XR), secondary
reactions with N204 vapor, and tank-top temperature. The respec-

tive values for this program are tabulated in Table B-2. It is
recognized that adjustment may be warranted as additional test
data become available.
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Table B-2 Inputs for MTI Prcosurizaticn

Fuel Oxidizer

Tank Pressure t t
Case (psia) ?' MW (OR) MW IR) Remarks

I 20 to 50 0.4 15 850 24 760

II 20 to 50 0.4 15 850 24 760

I1 100 0.4 15 900 24 800

200 0.4 15 950 24 850

300 0.4 15 1000 24 900

IV 20 to 50 0.4 20 530 24 530

V 100 to 300 0.4 20 530 24 530
)Space Storage

VI 100 to 300 0.4 20 530 24 530

VII 100 to 300 0.4 20 530 24 530 11

The amount of vaporized oxidizer is computed in a similar man-
ner to the stored gas system. Constants in Eq [B-2] vary from the
stored gas values to account for minor differences in mass transfer
rates. The resultant partial pressure of the reaction products
in the oxidizer tank is used in Eq [B-8] to determine the re-
spective weight penalty.

The rocket engine data used to size the propellant tanks are
identical to the data used for stored gas pressurization, Table
B-3. However, since pressurant propellant storage in the main
propellant tanks is assumed, the capacity of the main propellant
tanks must be enlarged. This in turn increases the amount of
rea:tion products required, as well as the vaporized propellant
penalty. The tank weight penalty is obtained by assuming spheri-
cal storage of the total propellants (both engine and pressurant)
when ID < 120 in. For larger tank volumes, cylindrical storage
with hemispherical ends is assumed with the ID - 120 in. minimum
and an L/D - 2.5.

Volume of metal, V m " jD2 (t) (sphere)

V - D 2 (I + L/D) (t) (cylindrical with
m hemispherical ends)
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Wall thickness is determined from hoop stress considerations
with a minimum thickness of 0.05 in. assumed for the high-strength
aluminum alloy used (maximum stress - 25,000 psi). The actual
weight penalty then becomes:

Tank Weight Penalty - Incremental Volume V X 0
Tt Vt ideal + Incremental Volume] Vm m

computed individually for each propellant tank.

Associated hardware, lines, and control valves, such as ori-
fices, are estimated at 10% of the total reaction gas products
with a minimum value of 12 lb.

The weight of the injection system is assumed negligible for
pump-feed systems, and 2. of the total reaction gas products for
pressure-feed systems.

3. Gas Generator Pressurization Systems

The program for the gas generator system is virtually the same
as the MTI program except that gas products are precooled to 760OF
by an auxiliary heat exchanger before they enter the propellant
tank inlet. No penalty is introduced for cooling the pressurant
except that the accessory weight is adjusted to account for the
heat exchanger. Table B-3 lists the respective input values for
this program.

Table B-3 Inputs for Gas Generator Pressurization

Fuel Oxidizer

Tank Pressure Tt T
Case (pais) R W (OR) MW (OR) Remarks

I 20 to 50 0.09 16 760 28 760

II 20 to 50 0.09 16 760 28 760

III 100 0.09 16 760 28 760

200 0.09 16 760 28 760

300 0.09 16 760 28 760

IV 20 to 50 0.09 20 530 28 530

V 100 to 300 0.09 20 530 28 530

Vi 100 to 300 0.09 20 530 28 530 Space Storage

ViI 100 to 300 0.09 20 530 1 28 530
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Associated hqrdwarp, linps gas generatcr, and~ lje t PtfAhlarpr Ar

estimated at 157. of the total reaction gas products with a minimum
value of 12 lb. The weight of the feed system for the gas generator
is assumed negligible for pump-feed engines and 2%. of the total
reaction gas products for pressure-feed engines.
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APPENDIX C

MTI PRESSURIZATION SYSTEM PROGRAM

A schematic of the MTI pressurization system as considered by
this analytical model is given in Fig. 111-9. The system consists
of a single propellant tank pressurized with combustion gases
generated by the injection of a hypergolic reactant during pro-
pellant outflow. The flow of reactant is controlled by an orifice,
an on-off valve, and a supply pressure. The tank gas is a mixture
of three components, inert gas used for prepressurization, propel-
laLIC vapors that may be disrociating, and .nmhxi.tnn gas produced
by the reaction. This mixed gas may be allowed to overflow into

a secondary tank at a rate proportional to the combustion gas pro-
duction.

A pressure switch in the propellant tank controls the on-off
solenoid valve to maintain the tank pressure between the set limits.
Computations are made over small time increments that start and

end at times of valve actuation, as well as at specified intervals.
Valve actuation times occur at a specified interval after the tank
pressure reaches the high or low switch setting. The reactant
flow may also be terminated at any specific time and the tank pres-
sure allowed to decay.

The combustion gas is produced and propellant is consumed in
proportion to the reactant flow rate. The proportions depend on

the assumed effective burned mixture ratio based on test data.
The combustion temperature, the molecular weight, and specific
heat of the combustion gas also depend on this ratio. The combus-
tion between propellant and injected reactant is assumed to occur
primarily in a relatively well-defined zone at the liquid surface.
The size of this zone is proportional to the volume of combustion
gases produced. Mass transfer from the liquid in the combustion
zone is assumed to be just sufficient to furnish propellant for
the reaction. Heat transfer from the hot gas to the liquid re-
duces the combustion gas temperature before it mixes with the bulk
gas. This heat transfer is obtained by a simplified forced con-

vection relationship.

Heat transfer occurs between the bulk gas and the adjacent
tank wall. Both heat and mass transfer take place between the bulk
gas and the liquid at the noncombustion surface. These rates de-
pend on simplified gas phase free convection and diffusion rela-
tionships. Liquid side heat transfer is obtained by a heat balance
at the surface. External tank wall heat transfer is not considered.
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An explanation of the basic equations employed in the mathe-
matical model are contained below.

1. Reagent Consumption and Gas Generation

During the time interval when the propellant tank pressure is
less than the input minimum the injector is on and the reagent
flow rate is:

WR -A vC d I1288g R (IRS - "PpT)i [C-11

where

A -injector orifice area (sq ft),
v

Cdv = discharge coefficient,

PRS - reagent supply pressure (psia),

PGPT " propellant tank gas pressure (psia).

The total weight of reagent consumed during the propellant expul-
sion is:

wT =E*R t (C-2]

where

t - time that the injector is one (sec).

The amount of propellant used is:

WLR WCR R or W T - (cR - *R) t [C-3)

where

WCR - gas generation rate, defined as

WCR WR (N+ 1) /?.
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The reaction mixture ratio, ?,, is the oxidizer-to-fuel ratio of
the reaction process. If the fuel is the reagent, the reciprocal
of N must be used: R WLR"

2, Gas Properties

The significant gas properties required to compute ullage gas
characteristics have been reduced to the following equations:

I) Propellant Vapor Pressure

PVPT e (Cpv - CP2/TLPT) [C-41

where

C PVPl are specific heat constants for the pro-PV1 ,2

pellant,

and

TLPT is temperature of the liquid (*R);

2) Vapor Dissociation

YVwe ( C PVl /T GPT -CKPV2) [C-51

where

CKPVI,2 are vapor dissociation constants for the

propellant,

and

TGpT is the temperature of the gas (*R);

3) Propellant Vapor, Constant Volume Specific Heat

CV C CPV1 + CoPV2 TGPT -(1.987/lWvp) +

+ DADTV MD [C-61
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where

D ADTV -(CK'PV 1- T GT) (AVPT - AVPT)/( 2 
-~T

TGPT2

and

AVP*..=(l 4KPV 2VPT);

4) Combustion Products, Specific Heat

c PC C CC 1C CPC 2 TGPT EC-7]

and

c V c - 1.987/14W CP

3. Mass Transfer

The mness transfer at the propellant surface is computed from

the simplified relationship.

*vs VS CVSP (PVLP - PVPT)/(%nP - 'VLP) 1(T GPT -T Tn)/10PT1 kC-83

where

CVPcombines the gas diffusivity and other influencing fac-

tors.

4. Reat Transfer

Heat transfer characteristics at the tank wall and liquid sur-
face have been reduced to the following relationships:

1.333for the tank wall, 4. Cjj A.W (T PG - T GP)

and for the liquid surface, 4PG CTIL AL (T LPT - T GT) 1 .2 5  [C-9]
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where Line C H Lerms combine the free-convection coefficient with

the gas properties in the Prandtl, Grashoff, and Nusselt numbers
as they occur in the free-convection correlation.

Heat transfer from the combustion zone to the liquid propel-
lant is similarly calculated as follows:

RL c C AC (Tc - TLPT) [C-101

where CHC combines the forced-convection coefficient with gas ve-

locity and physical properties. All areas are in sq ft.

5. Heat Balance

Gas temperature change rates are computed from an energy bal-
ance on the system which reduces to the following equation:

TGPT = PTG + PSG + RTGPT (VPT/"VP +IP 1 / MW1.) + WC R 1 CR-

CT HCPT " CPT (CPT 11uTGPT /MCP) 14 GPT LPT M /

WGPT CVGPT. [C-11]

6. Gas Molecular Weight

The change in gas molecular weight due to the dilution of the
initial pressurizing gas with propellant vapors and combustion
products is computed as follows:

iGPT NGn/L1WGPT - WGPT ( cP/ C P + + *PT/ Mw IE
tW2 JC-121

~GPT'

7. Propellant Tank Pressure

The rate of change in gas pressure is:

GPT - PGPT (*GPT/WGPT + TGPT/TGPT + VLPT/VGPT - MWGPT/MWGPT)' [C-13]
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8. Final Conditions

The final liquid conditions are computed from the following
relationships:

T LP - (QRL - QPSG WVSP DHIVP)(WLP CPLP),

WLP W LP (N - 1) - *LF ~t'

SP W LP / PLP. j [C-141

The final gas conditions are determined as follows:

T T TPT (N - 1) - tGPT~t

WGPT WVPT +WIPT +WCPT

vGPT vPT vLP

MW GPT W GPT /(WIPT / MI + WCPT / MCP + WVPrTl/ MVP)

PGPT RuT GPT/ 44M GPT vGPT* [C-15]
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APPENDIX D

PROPELLANT TANK ULLAGE GAS DILUTON COMPUTn. PROGRAM

The computer program described here has been formulated on the
IBM 1620 for the interpretation of single or dual propellant tank
ullage gas test data for an inert oxidizer and a nonvolatile fuel,
Analysis of the properties of the MTI combustion gas and interpreta-
tion of test results is complicated by the fact that the ullage
gas mixture concentration is time variant. During the Phase I
tests, an unusually large amount of prepressurizing inert gas in
the fuel tank is prescribed for safety considerations. Conse-
quently the diluting effect of the inert gas is significant and
must be considered in all computations. Furthermore, the pres-
surant gas in the fuel tank is continuously bled for pressurizing
the oxidizer tank and for gas sampling, resulting in a continual
change in the dilution rate of the inert gas in each tank. Valid
test data interpretation demands a precise analytical representa-
tion of the gas-mixture concentration history in both tanks and
determination of total quantity of combustion gas generated.

The solution of this problem is achieved by performing a mass
balance on the MTI common ullage pressurization system to effect
a constant pressure process. Computations are made on an incre-
mental time basis to determine the quantity of combustion gas re-
quired to maintain the pressure of each tank, considering gas cross
flow, with gas sample bleed and propellant outflow.

(dV b

_-__

d/t
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To complete this solution, certain simplifying assumptions
must be made:

1) Tank pressures are constant;

2) The change in volume due to reaction or condensation
is insignificant;

3) No propellant vaporization occurs during the run;

4) The molecular weight of the added combustion products
is constant with time;

5) The gas mixture is homogeneous.

Since the ullage gas temperature histories must be known,
these are approximated (based on average test results) by a sim-
ple function of time:

Ta Ti + t [D-2]

i' (dtsTs-Ti s + -/ [D-2J

The total volume change from either tank due to propellant
outflow, for this constant engine thrust application, is known
and is expressed by:

\t / = p o-N
[D-31

SM - [D-41

For variable thrust applications, 9 e (t) can be substituted.

In addition to propellant outflow, bleed from the fuel tank

for gas sampling must be considered. Sampling flow passes through
a sharp edge orifice that is expressed by the following equation:
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d t "1.548 C A p 0(7) [D-SI

where

- 2 +117-1
O(7) = 7 +

Cd 1 0.60

The function, i(?) does not vary significantly for reasonablc
ranges of (7). (From 1.25 1 7 l 1.4, 0(7) varies less than 57.].

Consequently 0(7) - 0.628 (based on 7 - 1.35) can be used with
negligible error. For a throat size of 0.025 inch, the flow
equation reducos to:

\ -t 0 . 0.000308 ED-6]

As indicated previously, the calculation will be accomplished
on a step-by-step basis beginning at time a 0 to time of shutoff.
A time increment of 1 sec is used. Gas conditions of the pre-
ceding time interval become the initial conditions for the next
increment uLder evaluation. At a given time (n) the computation
procedure is as follows:

I. Secondary Tank

The net volume cross-flow to the secondary tank is:

dV T~-V + nsL- n V +(n-1) _[D-7]Qs,n " i,s dt _I i's - o)

where Ts, n and T s,n- are computed from Eq ID-2].

The corrected total volume of the initial pressurizing gas
in the secondary tank becomes:

T
Vpg,sn = Vpg,s,n-l T sn + n pg, p,n-I [D-8]
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The mole frAction of the initial pressurizing s in rh pecond-
ary tank can now be determined.

V
MFpg,p,n dV [D-9]

Via + n-is dt

The molecular weight of the ullage gas mixture in the second-
ary tank is expressed:

MW F YP,sn MWP8 + (l-MFpg, an) cp [D-10]

2. Primary Tank

The net gas flow volume leaving the primary tank is the sum
of the sampling gas bleed volume and the secondary tank cross-
flow volume corrected to the conditions in the primary tank.

Equation [D-l] expresses the gas temperature Tpn

Tp,n "Ti~p + (dt) t

Equation [D-61 gives the bleed flow, Qb,p for a time increment
of 1 sec:

Qb,p (At) = 0.000308 upup

The net volume outflow (to the secondary tank) corrected to
primary tank conditions is,

Q (P c.s n
s,p,n s,n Pcp Ts,n

The total net volume outflow from the primary tank is,

qt,p,n - Qb,p,n + Qsp,n

The new volume of pressurizing gas in the primary tank is,

T
Vpg,p,n Tp.n Vpgp,nI -pg,p,n- qt,p,n

pn-1-
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The mole fraction of the pressurizing gas in the primary tank
at time increment (n) becomes:

V
? P2,p,n
pg,n 

+ n V

The instantaneous molecular weight of the ullage gas mixture in

the primary tank can now be found by substituting appropriate
tank values into Eq [D-1O].

MWup = MF pg,p,n MW pg + (I - pg,p,n) Mcp

The total weight of combustion products in the summation of

the weight of combustion products to time (n-1), and the addi-
tional weight of combustion products required to balance the net
volume change in the primary tank.

P MW
W W Q ( Tp cp-

cp,n - cp,n-1 t,p,n pgp,n) 10.73 T pn

Calculations are repeated for all time intervals until the shut-
off time is reached.

D-5
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APPENDIX E

MTI PRESSURIZATION SYSTEM THERMODYNAMIC ANALYSIS

Full-scale system operating temperature predictions have been
based on an analysis of the small-scale system thermodynamic proc-
ess. This technique involves the solution to the general energy
equation without secondary reactions. By assuming various final
gas ullage temperatures, an iterative process is used to achieve
a satisfactory heat balance. Since small-scale system heat trans-

fer coefficients have been established by analyzing acquired test
data, the interrelationship of the thermodynamic processes can
be determined and computation time reduced. Complications result-
ing from secondary reactions have not been considered here since
an MTI pressurization system mathematical model now being assembled
will provide a more satisfactory solution. The configuration

studied in this analysis is described below.

I) V 61.8 cu ft; 6) T - 143 see;
7) P 36 psia;f~

2) VFF = 260.3 cu ft; T 3

3)8) V i  i14 cu ft;
3) Wf - 78.3 lbm /ec; 8

4) Df . 8 ft; 9) Vf 0 260.3 cu ft.
f o

5) tf - 0.075 in.
(average
aluminum
wall
thickness);

Tables E-1 and E-2 describe the gas mixture properties believed

to represent the MT! process.

E-l
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Table E-1 Phase I Research Tests (14W = 14)

Average Final

Fuel Oxidizer Fuel Oxidicer
Tank Tank Tank Tank

MW (lb m/Ib-mole) 10.5 7.0 12.4 9.9

Cp Btu/lb OR 0.627 0.87 0.569 0.72

x 105 lb m/ft sec 1.14 1.097 1.13 1.087

k x 105 Btu/sec ft OR 2.442 2.337 2.432 2.300

Np 0.293 0.446 0.265 0.34

C - Btu/lb OR 0.439 0.586 0.41 0.52
V m

Y 1.43 1.485 1.388 1.385

Table E-2 Phase III System (MWcp - 16)

Average inJ A
Oxidizer Fuel Oxidizer

Tank Tank Tank Tank
- -4

MW 12.04 -- 14.7 11.1

0.622 -- 0.566 --
5

p x 10 1.14 -- 1 1.13 --

k x 105 2.45 -- 2.436 --

N 0.289 -- 0.263 -=pr
C 0.457 -- 0.431 --V

7 1.36 -- 1.313 --

Note: Two-tank system = -24.47. fuel ullage initial, 57. oxidizer
ullage.

E-2
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1.. General Energy Equation

For the full-scale system with a water-filled secondary tank,
the general energy equation for the fuel tank may be described
as follows:

U-_Ui H H0 - -d Q [E-1]

wheres

Initial internal energy
U, M -W C vi t ± 72 Btu; [E-2]

Final internal energy

U MP f (HW) f V f CV t f 5540 tfBu E3
f10.72 T ~ - Btu TEf

Oxidizer tank demand

Ho SEWa Cpt f -9 .6 tf B U. EE-41

In the absence of secondary thermochemical reaction, an
average MW of 11.1 at a 600F temperature is estimated,

w~here EW 0 [ . 7IEE-5]

E -3
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and W- 0.8523 (final weight fraction of combustion products in
oxidizer tank)

Fuel tank energy demand

Ht [ W C E-6]
c cp p V

but EW MEW17.84 + T f

therefore Ii - 1380 (=Tf= + 15.46) Btu

Expulsion work

PaV
- _ 1330 Btu. tE-7]

Substituting in the general energy equation,

Q - 21,350 + 17.2 x 106 _ 9.6 - 5540 t [B-81

Tff Ttf

Equation [E-8] is plotted in Fig. 11-4 as noted for the two-tank
system.

For single fuel-tank tests, Eq [E-8] simplifies to

11 x 106 3980
Q i -01258 - tf [E-9]T ff Tff

This is also shown in Fig. 11-4.

2. Heat Transfer to Walls

From free-convection formulas, in turbulent region NGr Npr) >109

NNu M 0.14(N N r ,

h 0.14k 2g (T-To) 3D'
g-' D

But 10.72 T fWf-O

T

E-4
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Based on average gas conditions during the run, and to account
for the influences of some degree of forced correction, increase
coefficient by 5.55; i.e.

haw 3350 TC - w)/ 3 Btu/hr-sq ft *R. [E-11]

fw

The wall surface area exposed to ullage gas was integrated over
the total firing cycle and the average area exposed calculated:
A W- 118 sq ft. Therefore,

QW 3600 " Tf [E-121

w

3t eat Transfer Across- Liquid Interface

The heat transfer rate across the gas/liquid interface was
controlled by both the gas-side and liquid-side film coefficients.

In actuality, the heat transfer across the gas/liquid inter-
face is considerably lower than calculated; however, with the
limited information available on the combustion process, this
technique was considered the best representation to allow pre-
diction of full-scale system performance.

For both films, the free convection coefficient was deter-
mined by

% 0 .14 ( NG. Npr ) 1 /3 [E-131

For the gas:

(603) TCne) Btu/hr ft 2 *R (E-14)

gL - TfL

E-5
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For the liquid:

'cIp2 ~13

h (0.14)k & Np AT I
L 2  Pr lq

- 25.2 (ATliq)1/3 Btu/hr ft R [E-15]

To account primarily for the influences of mass transfer, the
film coefficients are increased by 28.

Therefore, hgL m 16,750 Tas) .- 16
g L T L

hLL - 700 (Tliq)1 /3  [E-17]

But ATgas + ATiiq " W total M T - Tliq

and (haL) S Tgas - h LTIiq

Solving these equations simultaneously yields:

T - T~
AT - lo. [E-18]

gas + 10.8

(Tf314

AT n T- li- E-19
liq (T 3/4

10.8

The overall film coefficient across the liquid interface be-
comes

1U- 1 1

gL LL

E-6
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and the total heat transferred (convection only) based in a time-
integrated average exposed area ot 44.1 sq rt becomes:

Qliq " 1.75 U T- ;iq) Btu. [E-201

Research tests on the MTI system indicate nonhomogenous gas
temperatures, and gas temperatures near the liquid surface are
approximately 50% of the upper gas temperature. Consequently,
should be adjusted accordingly.

4. Total Heat Transferred from Pressurant

Excluding the heat from mass transfer, this value becomes

%Q - + Qliq' [E-211

5. Determination of Wall Temperature Rise

For negligible temperature gradients in the wall, a heat
balance at the wall results in

hAI T - T-- 2  - h. '[i - T]- [ iq'E-221

where the last term of the equation identifies the heat flow rate
conducted through the wall to the propellant.

Noting that V Aw (t) cu in. of wall material,

Sb  r n2DM2 (t), the product of surface and perimeter
of wall cross section, and

A A.
w w

Initial conditions were ambient.

Since linear temperature histories are assumed, the resultant
equation becomes:

6 Ce/h 1 (final [ T a) RE-231wall "a + +2R,

-W 9w

E-7
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a - -= and

J3.Oct .

Figure 11-2 shows the predicted tank wall heating as a function of

the gas temperature rise.

6. Determination of Liquid Temperature Rise

This calculation is to permit rapid determination of bulk
temperature rise to evaluate film coefficients and average tem-
perature gradient. In this manner the heat transferred across
the liquid interface can be easily checked in a rapidly converg-
ing trial and error solution.

ZQ W f wC dT, E- 241
p

since, wf - constant, and

W w winitial -4f (T).

A linear temperature history is assumed. This will introduce
some error that will be adjusted if necessary.

T T Tinitial +

dT - i dt

Substituting in Eq [E-121 gives:

EQ a-C p (Winitial dT [E-251

Integrating with T assumed constant,

E-8
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f final ' Tinitial
But T

Therefore,

ZQ=P[W initial 2 I~ (Tfinal - T initial). [L-261

Since this value includes the heat from mass transfer and wall
conduction, these must be estimated before Eq [E-26] can he used
to obtain the bulk liquid temperature rise.

Figure 11-3 presents the temperature rise of the bulk liquid as
a function of the total heat absorbed. Also shown is the tempera-
ture rise of the wall as a function of retained heat.

E-9
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APPENDIX F

IBM 7094 MTI MATHEMATICAL MODEL

This program calculates the transient conditions during opera-
tion of an MT1 (main tank injection) propellant pressurization
system (Fig. F-I). The system provides tank ullage pressure by
injecting a hypergolic reactant into a propellant tank to generate
gaseous combustion products. Tanks may be pressurized independ-
ently, or two tanks may be pressurized in series with ullage
gas from the primary tank used to pressurize the secondary tank.

In this case, the program considers any additional reaction that
may occur in the secondary tank. Although the program is intended
to analyze the MTI pressurization system, proper selection of
input data will provide simulation of a stored gat pressurization
system.

Both the size of the combustion zone and the reaction are
affected by reactant flow rate and the injection technique. Al-
though the primary tank reaction occurs in the liquid, any second-
ary tank reaction may take place either in the ullage or the
liquid. Mass transfer in the combustion zrne is just sufficient
to provide propellant in the desired reaction mixture ratio. The
composition and temperatures of the combustion products are based
either on empirical data or theoretical equilibrium calculations.

Injection of reactant into the primary tank may be controlled
by a pressure-actuated on-off valve or by a constant-flow orifice.
For constant-flow operation, a time incremant is an input, and
transient conditions are calculated at the end of each interval

until shutdown occurs. For cyclic on-off operation, a high and
low pressure value for the primary tank is an input, and the de-
pendent time interval is calculated for either pressure decay to
the low level or pressure generation by reaction to the high
level. The time and transient conditions are calculated at the
end of each interval until shutdown occurs.

If two tanks are pressurized in series, gas croseflow may
occur only from the primary to the secondary tank, and then only
if the primary tank ullage pressure is sufficiently above the
ullage pressure in the secondary tank. The crossflow is just
sufficient to maintain a specific pressure in the secondary tank,
and no heat loss or pressure drop effects of the transfer line
are considered. Pressure-sensing points may be either at tank
top or bottom. If at bottom, the pressure is the sum of ullage
gas pressure plus propellant head.

F-1
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Heat is trAnsferred by convection between the gas the adjacent
tank wall, the 14quid and the adjacent tank wall, the outside wall
and the adjacent atmosphere, and across the tranquil portion of
the gas-liquid interface. For subsurface reaction, heat transfer
is also considered between the combustion zone and the liquid.
Evaporation and subsequent vapor dissociation can be treated in
either tank, with heat and mass transfer across the ullage gas-
liquid interface. Provisions for a sample bleed have been in-
cluded on both tanks to duplicate conditions encountered in ground
test experiments.

A general outline of the analytical model sequence of compu-
tations is shown in Fig. F-2. More specific details of the cir-
cuit logic are schematically represenLed in Fig. F-3. Additional
program details are contained in the following paragraphs.

A. PROGRAM QUALIFICATIONS

1. Assumptions

The following assumptions were made to simplify the mathemat-
ical relationships used in the Analytical Model of a Main Tank
Injection Propellant Pressurization System:

1) The ideal gas law applies to constituents of the ull-
age at all times;

2) The ullage is considered homogeneous at all times with
regard to mixing and temperature;

3) The tank wall adjacent to the ullage is considered to
be at an average bulk temperature at any time;

4) The propellant is considered homogeneous at all times
with regard to mixing and temperature;

5) The tank wall adjacent to the propellant is considered
to be at an average bulk temperature at any time;

6) Propellant vapor partial pressure is considered to be
some temperature-dependent fraction of the saturated
vapor pressure;

F-3



RTD-IDR63-1123

04

A

I&I

F -4



RTD-TDR-63-1123

7) Propellant properties of heat capacity and density are
considered to be linear functions of temperature;

8) Linear interpolation is used on all tabular input.

2. Options (binary code meaning assignments)

OPAD Additional Data
0 - No 1 - Yes

OPBP Bleed, Primary Tank
0 = No I - Yes

OPBS Bleed, Secondary Tank
0 = No I Yes

OPCS Combustion, Secondary Tank
0 - No 1 - Yes

OPIP Reagent Injection, Primary Tank
0 m Constant Flow 1 - Pulse Flow

OPIS. Crosaflow Injection, Secondary Tank
0 - Into Ullage 1 - Into Liquid

OPPCP Pressure Control, Primary Tank
0 - Ullage Pressure 1 - Ullage Pressure Plus

Propellant Head

OPPCS Pressure Control, Secondary Tank
0 - Ullage Pressure 1 = Ullage Pressure Plus

Propellant Head

OPTNK Tanks
0 Primary 1 - Primary Plus Secondary

OPVDP Vapor Dissociation, Primary Tank
0 - No I Yes

OPVDS Vapor Dissociation, Secondary Tank
0 . No I Yes

7-5
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B. PROGRAM INTERNAL OPERATION SEQUENCE

I. Initial Conditions (Fig. F-2 and F-3)

After reading the input data, initial conditions of the system,
such as gaseous composition of the ullage, are calculated. Ini-
tial settings are made for a system at time zero (no previous MT
reaction), and specific constants to control the injector and
printout are determined.

If required, use of the option for additional data, OPAD,
permits additional input at this time to override specific initial
condiLions as determined in the program. As an example, the pro-
gram sets the temperature of the tank adjacent to the ullage equal
to the input ullage temperature. If such is not the case, the
desired wall temperature is inserted after all the initial input
has been read and the initial conditions section completed. At
this point, the program prints out the system initial conditions.

2. Heat Transfer

Heat transfer is considered between the gas and adjacent tank
wall, this wall and the outside environment, thu gas and liquid,
the liquid and the adjacent tank wall, and this wall and the out-
side environment.

For determination of internal-film heat transfer coefficients,
the fluid properties are calculated at the average film tempera-
ture, and the heat transfer coefficient derived from the natural
convection relationship:

D 3 2 n m

hf D "i P -1]t 01fkf a Pf2 kf /

By assuming n - m and simplifying, we have

3 2 Xf

hf f f t D) IF-2]

where Cf and Xf need to be determined empirically from test data.

The symbol, T, is taken as the difference between the bulk tempera-
tures of the source and sink, and the average film temperature as
the average of these two bulk temperatures. Subroutines are pro-
vided to calculate gas film properties at the average film tempera-
ture in the primary and secondary tanks.

P-14
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To account for aerodynamic heating of the tank walls, available
data are inserted as tables of heat transfer coefficient, he, and

adiabatic wall temperature, T aw, versus time, and calculated as

Q = ha AWall (Taw - Twall ). Heat transfer is calculated sepa-

rately for the tank wall adjacent to the ullage and propellant.
For application where aerodynamic heating does not occur, suitable
input may be used to account for heat transfer based on ambient
conditions.

3. Combustion

Reaction mixture ratio, Rm, adiabatic flame temperatures, TfV

and the ratio of condensible products to total products, RCL, are

required input to calculate effects of the combustion reaction.
In the primary tank, R is the ratio of the weight of reagentmp
injected, WRD to the propellant consumed by the reaction. in

the secondary tank, Rme is the ratio of weight of propellant con-

sumed to weight of reactants in the crosaflow, considered to be
primary vapors plus gaseous combustion products.

The heat of reaction is calculated by integrating the com-
bustion products' heat capacity between the reaction temperature
and the adiabatic flame temperature to get the enthalpy change,
Hcp, per pound of products. Then the heat of reaction is this

enthalpy change multiplied by the mass of products

QRP (Wcp + WCIR) CpcpdT [F-3]

T R

The heat of reaction is corrected to account for contributions
of the reactants, and then a corrected flame temperature in cal-
culated:

FCP R+ cp(Wcp TWc) [F-4J

FCP' R H CP(CP WCP)
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In the secondary tank, this also includes the temperature-reducing
effect of inert gas in the crossflow. A new enthalpy change is
calculated, based on the corrected adiabatic flame temperature,
and is then used to provide a more accurate calculation of T FCP.

For convective heat transfer between the hot gases in the com-
bustion zone and the surrounding liquid, an empirically derived
relationship was used to determine the area of combustion, AC,

and the film-heat transfer coefficient, hC, as a function of the
reagent flow rete:

AC = CAc(R)7

and

hc a C C() 2F-5]

where CAC and C C are constants.

Simplifying the heat transfer between the hot gases and the
surrounding liquid,

. 87
QLPC " CACCHC((R)' P " TL)' t-61

The heat loss from cooling and condensation of the condensible
combustion products, QCLP' occurs in the combustion zone, and is

calculated from the latent and sensible heat change of the con-
densibles:

QCLP - WCLP (HLCLP + HSCLP)" [F-7]

The total energy available to the system (above the ullage
temperature) from primary and secondary results of the combustion

reaction, QSpC' is the sum of the corrected heat of reaction and

the latent heat of the condensibles, less the energy required to

raise the gaseous combustion products to the bulk gas temperatures:

Qs-c " QPR -WCp CPCP (T0G - TR) + WCLP HLCLP" IF-8
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4. Time Increment

For the case with constant flow orifice, the time increment
is constant and is used as an input to the program.

For pulse-flow injection, the ideal gas low is differentiated
with regard to time as follows:

WRT
MV

dP WR aT T 1. WRT M
+tM~ &_~ I ~ 2 WRTL* [F-91MV2 6t M2V 6t,

The partials are evaluated from the previous calculations in each

time increment, and the expression is solved for 1. By deter-

mining the required pressure change, AP, and using the approximate
relationship (for small At's)

6t dt'

then

Ait =LPxd.

dt

The required pressure change is equal to the difference between
the pressure and either the high or low pressure limit, depending,
respectively, on whether the system is on a combustion or pressure-
decay part of the cycle. An iterative calculation of AT is used
to increase accuracy when vapor dissociation occurs in the primary
tank.

5. New Conditions

System conditions at the end of the time increment are now
calculated and checked to see if output is to be made at this
time. The program then checks to see if any shutdown criteria
have been met.

F-17
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6. Shutdown

For a constant-flow injection system, the program first checks
to see if system pressure is within permissible limits. If it is
not, the shutdown sequence is initiated; otherwise, the program
checks tank propellant volume(s) to see if the liquid level is
at or below an input minimum. If not, the program continues with
a new cycle; otherwise, shutdown is initiated.

When shutdown occurs, the system conditions are printed, and
the program then checks the liquid-level setting. If they are
zero, the program is ended (the program actually seeks input for
a new case).

If not zero, they are reset to zero, and severAl ntbpr enn-
stants are also reset so the program continues, but no injection
takes place. Rather, the ullage undergoes a polytropic expansion
while the rest of the liquid is expulsed until final shutdown is
encountered.

7. Output

Data printout of the identified parameters will occur under
any of the following situations:

1) Initial Condition

Primary Tank: RUNNO, PLIG, RMP, RCLP, TFP, OPIP,

OPVDP, OPBP, OPPCP.

Secondary Tank: SLIQ, EMS, RCLS, TFS, OPIS, OPVDS,
OPBS, OPCS, OPPCS.

2) Periodic Output

Primary Tank: T, CYC, TGP, TPTG, TLP, TPTL, PGP, PTP,
IVGP, VGP, YCP, YVP, WFCLP, WTR.

Secondary Tank: TGS, TSTG, TLS, TSTL, PGS, PTS, MWGS,
VGS, YCS, YVS, YPUS, WFCLS.

3) Shutdown

Primary Tank: T, CYC, TGP, TPTG, TLP, TPTL, PGP, PTP,
MWP, VGP, YCP, YVP, WFCLP, WTR, WTCP, WTCLP.

Secondary Tank: TGS, TSTG, TLS, TSTL, PGS, PTS, MWS,
VGS, YCS, YVS, YPUS, WFCLS, WTCLS, WTVCF, WTCCF, ITILP.

7-18
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C. PROGRAM INPUT

1. Data Sheets (Table F-1)

1) Column I must contain a 2, 3, 8, 9 or 0; where 2 rep-
resents a floating point number, and 3 represents a
symbolic name which may contain up to 6 characters
(numeric or alphabetic). An 6 in column I is neces-
sary for the second card in each input case. The last
ard in each input case must contain a 9 in column 1.

The first card in a case is an identification card and
has a 0 in column i;

2) Column 2 contains a 1 only when a 3 is used in column
I and in all other cases is left blank;

3) Columns 3 thru 7 contain the location at the first

piece of input data on a card (Table F-l);

4) Columns 8, 21, 34, 47, and 60 are always blank;

5) When 3 is used in column 1, the 6-character name must
be right-adjusted to column 14 (See Table F-I);

6) A zero in column 1 enables the customer to identify
his input by some comnent;

7) Columns 9 thru 20, 22 thru 33, 35 thru 46, 48 thru 59,
and 61 thru 72 with a 2 in column 1 contain floating
point numbers in any position in the 12-character
field. Zeros may be read in as follows: 0. or 0.0.
If one or more of the 12-character fields are left
blank, no more data will be read from that card;

8) Columns 73 thru 76 should be left blank for machine
operations personnel to punch the last four digits
of the run request number;

9) Data punch in columns 73 thru 80 are for identifica-
tion only;

10) Columns 77 thru 80 should be punched for card sequenc-
ing.
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2. Data Types

)) Floating point numbers: every floating point number
must contain a decimal point and may be modified by
powers of 10 where the power of 10 follows the number.
Exponents may be introduced by E±XX, EXX, or ±XX and
must be right-adjusted in the data field. The follow-
ing are equivalent representations of the same floating
point number.

7532. +.7532E+4 75.32E+2 7.532E+3 75.32+2

2) CommenLs: columns 2 thru 8 are left blank, and the
comment can be writLen in any colutm Lhruugh 72 u4,c;pL
21, 34, 47, and 60.

3. Input Cases

There are four cases of input data.

1) The original primary tank data include tabular values
for functions that are looked up in the program. The
data in tabular or functional form are indicated in
Tables F-2 and F-3 by identifying the dependent param-
eter as a function of the independent variable [e.g.
XKCS (TT)]. This is followed by the address of the
first value of the independent variable, maximum
number of points in the table, and the address of the
first value of the dependent variable in sequence.
It is not necessary to use the maximum number of
points, but the number of points must be specified
in the previously mentioned location,

Examplet

LOC

XCCP (TT) 46

161. 47

20. 48

181. 49

If the dependent variable is constant in a table look-
up, then 1. goes into the position for the number of
points in the table followed by the constant.
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Example:

LOC

CPI (TT) 108

761. 109

1. 110

1.244 111;

2) The original secondary tank data include the same
type of data as the original primary tank data;

3) Precalculated data (for either the primary tank or

for the secondary tank calculations);

4) Additional data to change the conditions for the
primary and/or secondary calculations;

5) The locations for the input parameters are found in
Tablen F-2, F-3, and F-4.

4. Program Run Duration

This program was written for the IBM 7094 computer (FORTRAN),
and the running time can be estimated by

T - NC (OPTNK + 1) .6 [F-101

where

T - approximate run time In minutes,

NC - number of cases,

OPTNK - 0 for single tank system
1 for dual tank system.
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Table F-2 Locations of Input Parameters for Primary Tank

Data Symbol Location Data Symbol Location

RUNNO 1 CHC 33

PLIQ 2 CDT 34

TI 3 XFGWP 35

VPT 4 CFGWP 36

VGP 5 XFGLP 37

PGP 6 CFGLP 38

TGP 7 XFLWP 39

TLP 8 CFLWP 40

CPO 9 RMP 41

PPL 10 RCLP 42

PP1 11 TFP 43

VLPL 12 TR 44

OPVDP 13 XMWCP 45

OPIP 14 XKCP (TT) 46*

OPBP 15 161. 47

OPTNK 16 20. 48

OPPCP 17 181. 49

DOP 18 )OUCP (TT) 50*

CDOP 19 201. 51

PR 20 20. 52

TRP 21 221. 53

RHOR 22 CPCP (TT) 54*

AV 23 241. 55

C13V 24 20. 56

CPR1 25 261. 57

CP,2 26 HLCLP (TT) 58*

DPT 27 281. 59

SPT 28 20. 60

CWSP 29 301. 61

CPTO 30 CPCLP (TT) 62*

CPPT 31 321. 63

CACP 32 20. 64

P-23



RTD-TDR-63-1123

Table F-2 (cont)

Data Symb Location Data Symbol Location

3.I. 65 XK( (TT) 100*

XDWPV 66* 681. 101

PPV (TT) 67 20. 102

361. 68 701. 103

20. 69 XKUI (TT) 104*

281. 70 721. 105

CVAPP (TT) 71* 20. 106

401. 72 741. 107

20. 73 CPI (TT) 108*

421. 74 761. 109

CKPV (TT) 75* 20. 110

441. 76 781. 111

20. 77 XKLP (TT) 112*

461. 78 801. 113

BETVP (TT) 79* 20. 114

481. 80 821. 115

20. 81 XMULP (TT) 116*

501. 82 841. 117

XKVP (TT) 83 20. 118

521. 84 861. 119

20 85 BETLP (TT) 120*

541. 86 881. 121

xmUm (TT) 87* 20. 122

561. 88 901. 123

20. 89 CPLp1 124

581. 90 CPLP2 125

CPVP (TT) 91* CRLPI 125

601. 92 CRLP2 127

20. 93 ACC (T) 128*

621. 94 921. 129

HVAPP (TT) 95* 20. 130

641. 96 941. 131

20. 97 VDLOP (T) 132*

661. 98 961. 133

XMWI 99 20. 134
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Table F-2 (concl)

Data Symbol Location

981. 135

SPTG (VGP) 136*

1001. 137

20. 138

1021. 139

ALGP (VGP) 140*

1041. 141

20. 142

1061. 143

ZP (VGP) 144*

1081, 145

20. 146

1101, 147

DZPBDV (VGP) 148*

1121. 149

20. 150

1141. 151

HAP (T) 152

1161. 153

40. 154

1201. 155

TAWP (T) 156*

1241. 157

40. 158

1281. 159

OPAD 160

Note: The numbers in the volumn Data Symbol are those to be
entered in the corresponding location (e.g. 161 goes into
location 47, 20 into location 48, etc).

*No data are to be read into this location.
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Table F-3 Locations of Input Parameters for Secondary Tank

Data Symbol Location Data Symbol Location

SLIQ 1501 XMWCS 1532

VST 1502 XKCS (TT) 1533*

VGS 1503 1631. 1534

PGS 1504 20. 1535

TGS 1505 1651. 1536

TLS 1506 XU4CS (TT) 1537*

DELPPS 1507 1671. 1538

PS 1508 20. 1539

VLSL 1509 1691. 1540

OPVDS 1510 CPCS (TT) 1541*

OPIS 1511 1711. 1542

OPBS 1512 20. 1543

OPCS 1513 1731. 1544

OPPCS 1514 HLCLS (TT) 1545*

DOS 1515 1751. 1546

CDOS 1516 20. 1547

DST 1517 1771. 1548

SST 1518 CPCLS (TT) 1549*

CWSS 1519 1791. 1550

CSTO 1520 20. 1551

CPST 1521 1811. 1552

CACS 1522 xMGWSV 1553

XFGWS 1523 PSV (TT) 1554*

CFGWS 1524 1831. 1555

XFGLS 1525 20. 1556

CFGLS 1526 1851. 1557

XFLWS 1527 CVAPS (TT) 1558*

CFLWS 1528 1871. 1559

RMS 1529 20. 1560

RCLS 1530 1891. 1561

TFS 1531 CKSV (TT) 1562*
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Table F-3 (concl)

Data Symbol Location Data Symbol Location

1911. 1563 C-PLS3. 1598

20 1564 CPLS2 1599

1931. 1565 CRLSI 1600

BETVS (TT) 1566* CRLS2 1601

1951. 1567 VDLOS (T) 1602*

20. 1568 2271. 1603

1971. 1569 20. 1604

XKVS (TT) 1570* 2291. 1605

1991. 1571 SSTG (VGS) 1606*

20. 1572 2311. 1607

2011. 1573 20. 1608

XHUVS (TT) 1574* 2331. 1609

2031. 1575 ALGS (VGS) 1610*

20. 1576 2351. 1611

2051. 1577 20. 1612

CPVS (TT) 1578* 2371. 1613

2071. 1579 ZS (VGS) 1614*

20. 1580 2391. 1615

2091. 1581 20. 1616

HVAPS (TT) 1582* 2411. 1617

2101. 1583 DZSBDV (VGS) 1618*

20. 1584 2431. 1619

2131. 1585 20. 1620

xL..s (TT) 1586* 2451. 1621

2151. 1587 HAS (T) 1622*

20. 1588 2471. 1623

2171. 1589 40. 1624

DWLS (TT) 1590* 2511. 1625

2191. 1591 TAWS (T) 1626*

20. 1592 2551. 1627

2211. 1593 40. 1628

BETLS (TT) 1594* 2591. 1629

2231. 1595

20. 1596

2251. 1597

*No input is to be read into this location.
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Table F-4 Locations for Additional Input

Data Symbols Location Data Symbols Location

ACC 128 WCP 1477

CCP 1321 WCS 1478

CIPV 75 WFCLP 1439

CKSV 1562 WFCLS 1440

CP02 1481 WGP 1480

CVAPP 71 WGS 1425

CVAPS 1558 WIP 1426

CYC 1328 WIS 1428

FCP 1338 WPTG 1485

rCs 1339 WSTG 1486

FIP 1335 WTCCFX 1484

FIS 1336 WTCLP 1442

FPVS 1341 WTCLS 1443

PVP 1343 WTCS 1445

FVS 1344 WTICFX 1446

PIP 1371 WTR 1447

PIS 1372 WTVCFX 1448

PPV 67 WVP 1433

PSV 1554 WvS 1436

RHOLP 1476 x0WGP 1361

RHOLS 1373 )0(WGS 1363

SPTG 136 OMWVP 1366

SPTL 1402 xMWVS 1368

SSTG 1606 YCP 1450

T 1404 YCS 1451

TPTG 1479 YIP 1452

TPTL 1408 YIS 1453

TT 1411 YPVS 1454

TSTG 1409 YVP 1455

TSTL 1410 YVS 1456

VLP 1412 ZP 144

VLS 1413 ZS 1614
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Table F-5 Input Parameters Primary Tank

Symbol Definition Units

ACC Acceleration ft/sec2

ALGP Area, Liquid Surface Next to Gas, Primary 2
Tank ft

AV Area, Injector Valve ft2

BETLP Volumetric Coefficient of Thermal Ex-
pansion, Liquid Primary Tank l/0R

BETVP Volume Coefficient of Thermal Expnnsion,
Primary Vapor 1/OR

CACP Constant, Area of Combustion Equation,
Primary Tank

CPPT Heat Capacity, Primary Tank Btu/lbM OR

CDOP Coefficient of Discharge, Orifice,
Primary Tank

CDT Constant, Time Increment Equation --

CDV Coefficient of Discharge, Injector Valve --

CFGWP Constant, Film Heat Transfer Coefficient
Equation, Gas to Wall, Primary Tank

CFGLP Constant, Film Heat Transfer Coefficient
Equation, Gas Liquid, Primary Tank

CFLWP Constant, Film Heat Transfer Coefficient
Equation, Liquid to Wall, Primary Tank

CKPV Constant, Dissociation Equation, Primary

Tank

Ulu; Constant, Combustion Zone to Liquid Heat
Transfer Coefficient Equation --

CPCLP Heat Capacity Liquid from Combustion,
Primary Tank Btu/lbM OR

CPCP Specific Heat at Constant Pressure, Com-
bustion Product in Gas, Primary Tank Btu/lb X R

CPI Specific Heat at Constant Pressure,
Inert Gas Btu/lbM *R
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Table F-5 (cont)

Symbol Definition Units

CPLP1 Constants, Specific Heat Equation,
Liquid, Primary Tank

CPLP2 Constants, Specific Heat Equation,
Liquid, Primary Tank --

CPO Constant, Printout Equation --

CPRI Constant in Heat Capacity Equation,
Primary Reagent --

CPR2 Constant in Heat Capacity Equation,
Primary Reagent --

CPTO Constant, Surface, Outside/Inside,
Primary Tank --

CPVP Specific Heat at Constant Pressure,
Primary Vapor Btu/lbM OR

CRLP1 Constants, Density Equation, Liquid in
Primary Tank IbM/ft

CRLP2 Constants, Density Equation, Liquid in
Primary Tank IbM/ft3

CVAPP Constant, Vaporization Equation, Primary
Vapor

CWSP Constant, Weight, Surface, Primary Tank ibH/ft 2

DOP Diameter, Orifice, Primary Tank ft

DPT Diameter of Primary Tank ft

DZPUDV Change in Liquid Height with Respect to
Volume, Primary Tank --

UAP Film Coefficient, Aerodynamic Heating,

Primary Tank Btu/ft2 ec*R

HLCLP Heat of Vaporization, Liquid from Com-
bustion, Primary Tank Btu/lbM

HVAPP Heat of Vaporization, Primary Liquid Btu/lbM

OPBP Option, Bleed Primary Tank --

OPIP Option, Injection Primary Tank --
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Table F-5 (cont)

Symbol Definition Units

OPPCP Option, Pressure Sensor --

OPTNK Option, Tanks --

OPVDP Option, Vapor Dissociation, Primary
Tank

PGP Pressure, Gas, Primary Tank lbF1 in.
2

PLIQ Primary Liquid

PPH Prcssure Setting, Primary Tank, High lbF/in.
2

PPL Pressure Setting, Primary Tank, Low lbF/in.2

PPV Pressure, Primary Vapor lbF/ in.
2

PR Pressure, Reagent lbFIin. 2

RCLP Weight Ratio, Liquid to Total Products,

Primary Reaction

RUOR Density, Reactant lbMIft 3

I Reaction Mixture Weight Ratio, Primary
Tank

RUNNO Run Number

SPTG Inside Surface, Primary Tank Next to Gas ft2

SPT Inside Surface, Primary Tank ft2

T Time sec

TAWP Temperature Adiabatic, Wall, Primary
Tank OR

TFP Adiabatic Flame Temperature, Reaction in
Primary Tank OR

TGP Temperature, Gas, Primary Tank OR

TI Time, Initial sec

TLP Temperature, Liquid, Primary Tank OR

TR Temperature, Reaction (Reference) OR

TRP Temperature, Reactant, Primary Tank OR

F-31



RTD-TDR-63-1123

Table F-5 (concl)

S Mbol Definition Units

TT Temperature *R

VDLOP Volume Flow Rate, Liquid from Primary 3e
Tank ft3/se

VGP Volume Gas, Primary Tank ft3

VLPL Volume Setting, Liquid, Primary Tank,
Low ft3

VPT Volume, Primary Tank ft3

XFGWP Exponent, Film Heat Transfer Coefficient
Equation, Gas to Wall, Primary Tank

XFGLP Exponent, Film Heat Transfer Coefficient
Equation, Gas to Liquid, Primary Tank

XFLWP Exponent, Film Heat Transfer Coefficient
Equation, Liquid to Wall, Primary Tank

XKCP Thermal Conductivity, Combustion Pro- 2

ducts in Gas, Primary Tank Btu/ft sec*R/ft

XKI Thermal Conductivity, Inert Gas Btu/sec ft2  R/ft

XKLP Thermal Conductivity, Liquid Primary
Tank Btu/sec ft ,ft

XKVP Thermal Conductivity, Primary Vapor Btu/sec ft2  Ift

XHUCP Viscosity, Combustion Products in Gas,
Primary Tank lb F-sec/ft

XHUI Viscosity, Inert Gas lb7F-sac/ft2

XMULP Viscosity, Liquid, Primary Tank lbF-aecht2

XMUVP Viscosity, Primary Vapor lbF-sec/ft 2

XMWCP Molecular Weight Combustion Products
in Gas, Primary Tank lbx/lb-mole

XMWI Molecular Weight, Inert Gas lbM/lb-mole

XIWPV Molecular Weight, Primary Vapor lbM/lb-mole

ZP Height of Liquid Above Pressure Sensor,
Primary Tank ft
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Table F-6 Input Parameters Secondary Tank

Symbol Definition Units

ALGS Area, Liquid Surface Next to Gas,
Secondary Tank ft2

BETLS Volumetric Coefficient of Thermal
Expansion, Liquid, Secondary Tank 1/OR

BETVS Volume Coefficient of Thermal Expansion,
Secondary Vapor I/OR

CACS Constant, Area of Combustion Equation,
Secondary Tank --

CDOS Coefficient of Discharge, Orifice,
Secondary Tank --

CFGLS Constant, Film Heat Transfer Coefficient
Equation, Gas to Liquid, Secondary Tank --

CFGWS Constant, Film Heat Transfer Coefficient
Equation, Gas to Well, Secondary Tank --

CFLWS Constant, Film Heat Transfer Coefficient
Equation, Liquid to Wall, Secondary Tank --

CKSV Constant, Dissociation Equation, Second-
ary Vapor

CPCLS Heat Capacity Liquid from Combustion,
Secondary Tank Btu/ IbM R

CPCS Specific Heat at Constant Pressure,
Combustion Product in Gas, Secondary
Tank Btu/lbM 0 R

CPLS1 Constants Specific Heat Equation, Liquid,
Secondary Tank --

CPLS2 Constants Specific Heat Equation, Liquid,
Secondary Tank --

CPST Heat Capacity, Secondary Tank Btu/lbM oR

CPVS Specific Heat at Constant Pressure,
Secondary Vapor Btu/lbM *R

CRLS1 Constants, Density Equation, Liquid in
Secondary Tank

CRLS2 Constants, Density Equation, Liquid in
Secondary Tank
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Table F-6 (cont)

Symbol Definition Units

CSTO Constants Surface, Outside/Inside,
Secondary Tank --

CVAPS Constant, Vaporization Equation,
Secondary Vapor --

CWSS Constant, Weight/Surface, Secondary Tank IbM/ft2

DELPPS Pressure Difference, Gas in Primary Less
Gas in Secondary Tank, Minimum lbr/in.2

DOS Diameter, Orifice, Secondary Tank ft

DST Diameter, Secondary Tank ft

DZSBDV Change in Liquid Height with Respect to
Volume, Secondary Tank

HAS Film Coefficient, Aerodynamic Heating, 2.uot
Secondary Tank Btu/ -sec

HLCLS Heat of Vaporization, Liquid Combustion
Products, Secondary Tank Btu/lbM

RVAPS Heat of Vaporization, Secondary Liquid Btu/lbM

OPBS Option, Bleed, Secondary Tank -.

OPCS Option, Combustion, Secondary Tank --

OPtS Option, Injectiun, Secondary Tank --

OPPCS Option, Pressure Sensor, Secondary Tank --

OPVDS Option, Vapor Dissociation, Secondary

Tank

PGS Pressure, Gas, Secondary Tank lb,/ in.2

PS Pressure, Setting, Secondary Tank lbF/in.2

PSV Pressure, Secondary Vapor lbY/in,2

RCLS Weight Ratio, Liquid to Total Products,
Secondary Reaction

RHS Reaction Mixture Weight Ratio, Secondary
Tank
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Table F-6 (cont)

Symbol Definition Units

SLIQ Secondary Liquid --

SST Inside Surface, Secondary Tank ft 2

SSTG Inside Surface, Secondary Tank Next to 2
Gas ft

TAWS Temperature Adiabatic, Wall Secondary
Tank OR

TFS Adiabatic Flame Temperature, Reaction

in Secondary Tank 0R

TGS Temperature of Gas, Secondary Tank OR

TLS Temperature of Liquid, Secondary Tank OR

VGS Volume of Gas, Secondary Tank ft3

VLSL Volume Setting, Liquid, Secondary Tank,
Low ft3

VDLOS Volume Flow Rate, Liquid from Secondary 3
Tank ft

VST Volume, Secondary Tank ft3

XFGLS Exponent, Film Heat Transfer Coefficient
Equation, Gas to Liquid, Secondary Tank

XFGWS Exponent, Film Heat Transfer Coefficient
Equation, Gas to Wall, Secondary Tank

XFLWS Exponent, Film Heat Transfer Coefficient

Equation, Liquid to Wall, Secondary Tank --

XKCS Thermal Conductivity, Combustion Products
in Gas, Secondary Tank Btu/see ft2 -R/ft

XKLS Thermal Conductivity, Liquid, Secondary 2-R/ft

Tank Btu/see ft

XKVS Thermal Conductivity, Secondary Vapor Btu/sec ft2 -°R/ft
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Table F-6 (concl)

Symbol Definition Units

XMUCS Viscosity, Combustion Products in Gas,e 2

Secondary Tank lbF-sec/ft

XMULS Viscosity of Liquid, Secondary Tank lbFsec/ft2

XMUVS Viscosity of Secondary Vapor b F-Sec/ft2

XMWCS Molecular Weight, Combustion Products
in Gas, Secondary Tank ibM/Ib-mole

XHWSV Molecular Weight of Secondary Vapor ibM/ lb-mole

ZS Height of Liquid Above Pressure Sensor,
Secondary Tank ft

P-36



RTD-TDR-63-11 2 3

D. PROGRAM OUTPUT

The first two to four pages of output will be a listing

of the input data. The following page will be entitled either
"Initial Conditions Primary Tank" or "Initial Conditions Sec-

ondary Tank" depending on whether the run is for a single or

two-tank system. When the volume of the liquid in the tank(s)

reaches a preset value, shutdown occurs. The printout continues

until the liquid is removed from the tank(s). All of these pages

are entitled MAIN TANK INJECTION PROPELLANT PRESSURIZATION SYSTEM

PAGE __ The last page for each run is a TABLE OF OUTPUT SYM-

BOLS which is so titled. If the run contains consecutive prob-

lems, then the above format is repeated fur each Case.
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MAIN TANK INJE.CTION PROPELLANT PRESSURIZATIONSYSTEM

C MAIN PROGRAM~
COMMON AsCB
DIMF s ,OX L12 I- _____-___1______

EQUIVALENCE (Al)), RUNNOW9A(2) ,PLIQ,.(A(31.TI )dAI4) ,VPThI(A(5),VG
IP) (,(1)6) .PCP)sA I))TGiP).(AIB) ,TLP) ,(Atq) ,CPO) ,(ACIO) ,PPL) .(A(11 I

I 9VLsJJPII A I OlP%/F'P I IA &il .I OPI P I A(1 1 QPP I (A I I A .0

6(A(31t,CPPT)#(AI32,CACP)(A(33)CHC)(A(34)CT,(A(35xFGwP).
7(A(161,CFG)WP).(A(';7).XFC,LP),IA(38),CF(,LP),(A(3'HXFLWP)9
3iA-&LAj-CFI PL.-LtiiMI' - (A 42 1RC I P I .f AI 1TFPtI(A (1,1, 1TR I,
9(AI4),XMWCP)IA(46)V.KCP),(AL5O).XMUCP),(A(54),CPCP)

I (A(71 ) ,CVAPP),(A (71 1 rKPV) I (At 71)1RETVPI. (A.La31 .XKVPL. __-_ -__--- -
2(A(B7),XMIJVP).(A(91),CPVP),(A(95),HVAPP),(A(99),XMWII,
3(A(ID!'I ,XKI I iAC 041 )MIJI I ,A( 1DB) CPI I ,A(1121,XK.LP(i

IA li1L P 1, t At iA,1 AI. 1 P I (A I W41 DC1 R' 1, [A) 132 11 ) 024..
5tA(126),CRLPI.o(A(t17,CRLP2),(A(128),ACCh*IA(132)gVDLUP)i
6IAIV36ISPTG),(A(14O),ALGPI,(A(144),ZP),(A(I48),DZPBDVI,

EQUIVALENCE (CI1ICCPIe (C(2 ) CF) [I) tfCa~jX), I4) ,CPGP I,(CI5ICPG
IS) (C 6ICPLPI, I7I.CPLS) ,(C (8lsCYC)I (C (9)1)MHB),(C(1O) DPEIDT)o

3P1,(C116),FIS),1C117),FISFXI,(C118),FCPI,(C(191,FCS),ICI20IFCSFXI
4,tC(21)iPPVSI.(C(22(,IPVSFXI,(CI23IPVP),(C(24),FVS),(C(25),FVSFX)

?).SCLS) ,(CI37),HVPG),IC(3B(,HViGI,(C(39),KKGFXI, (C(41
- 1M'pi&IV I.- tUVD I5 1Miii.~y Ii..VM,. f *r 1 .k Y dwau4

9),(CC46),KMWVp),1C47),XMWVPI,(C48gXt.IWVs,(cC(49),XMWVSli
EQUIVALENCE (Ct51),PIPI,(C(522,PIS)ICII3) ,RIOLSicIr

259),QDGI.S),ICI60).QOGCP),(CI61),QflGOS),(Ct62),ULGS),(C(63oODGWPI,
3tI6t.IQDGWSI,(C(65),uD)LOPI,(C(66QDLOS)iC67oUDLPC)otCt68)c(JD

5OPRi,(C(741,UDIR4R),C(75),QDSPC),(CI76),QI)6R),IC(77IQDSSC),(CI7
6Sh9QDWPI ,(C1791sQDW%19 1 Ct82)9SPTL) m(C(83

STLE) 1CC89ITSTG) , C C90OhTSTI ,(C(91ITTI, (C(92) ,VLPI, (C (93 I.VL5S)
9(Ct9419VLP2),(C(951oVL521

IECCIOUC ,WDCLS),(CI1O1)hWDCP) ,(C(1O2),W CP2)s(CflO3)9W~DC5)9(CtI041.
2W CS2) CC(1l05),W GS),[CC1O6),WIP)CC1O7),W1P21,tCCOSIWIS)o(CC1

41CC 114)*WDVPIO(CI115)*WVP2)ol (116) ,WVSoIi 117) .WDVS) o CllliltWVS
52),IC11q),WFCLP)C120OIWFCLS2,(CC121),WTCCF),(C(22)btTCLP),C

lR),CI28)WTVCFX).tCCI29IgXF),tcC13OICP C 1~13Ij,'tCShqcCC321$
8v1,1tC133)YIS)IC14,YPVS),)CCL3,1YVP)C 1361,YVSI.CC37I,

OEGUIVALENCE I(141),DELQGP),(CC42),DELQGS)CC143),DELOLPICCCXA44
1),DELOLS),(It145)DELQWP),(ICC46)DELQWS)C(1A7),DELT),CUA6)gDE

3Fx),Cc153)sXMUGS ,CC(154),RHOGXI,(CC15).D(A7),CI166)RhQLP)
EQUIVALENCE (CCC17)sWCP).ICC1S8)vWCS)

EQUIVALENCE IC(162),WPVS),CC(163),XMWPVS),1C1164),WTCCFXI
EQUIVALENCE ICC 65) ,WPTG) .1CC 6166*WSTG1
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5l8(24)oCFGW$1h(H(25),XFGLSh(826)CFLS),(B(27).XFLWS),

7(B( 33) )XKCS) 9 (a 3 )g $xu(.511) 81411).CPCS,) (3(45) qHLCLSl I
8Uit49 oCPCLS),tB(53)XriNSV),(B)54),PSV),(6(58).CVAPS),
9)1B(62) sCS)i(ibI ET~t[8_0t.V4Ja,7L 11 Vk
EOUVALENCE(3i(78),CPVS),1B(82),1VAP$1,(R(86),XKL,l((9)X-'ULS)I
l(B(94),RETLS),(Ii(98),CPLSlI.(Br99),CPLS2,,(B(100),CRLS1),

3B114) .ZS) ,))( 118). )SRDV). ( B)122 1 HASh CRC 1261.TAwSI
I CALL FORTN2(N)

IF(OPTNK) 3092 - .-- ____

2 CALL FORTN?1(M)
CALL 

t C-ST
3 CALL !CPT.. ______________

MP =2
IF (OPAD) IZ.12 *4 - .- _ _--------__

4 CALL FORYN2(M)
12 11 T +.9

11 =TPTG..9
14. TLP +.9
I% aTPTL +,-9. .__________________

IP(L - 54).51*50950
50 WRI1TE OUTPUT TAPE 10o 11(0. NP

NP a NP + 1
51 WRITE OUTPUT TAPE 10.1312,1 1.CYC. 12,13,14,lbPGPPTPXMWUiPVGP.YCP

* 1YVPWCLPWT-R-----
L aL + 6

15 CALL NCST
IFIT-CP021 18916.16

17 11 aTGS +.9
17 TSTG + .9
t3 - C * -
14 *TSTL 4s9
IFIL - 54) 53*52.5?

L bIIFT flhlTDll TAPF in, 11n. NMO

NP a NP + I

lYPVSsWFCLS
L aL. + 6

is IF(OPIP) 19.19o21
19 IFIPGP +ZPSACC*RH0LP/4633* -PPH) 20o25925

-sm IffO . 7 'Be OIftbL -2A -MCI I_______

21 IF(VLP-VLPL) 25,05M2
22 1P(OPTNK) 23923924
23 Wt0CF) - 00_________________________

GO TO 31
24 IF(VLS-VLSLI 25924.,
-25-- 11 ; T i-9

12 *TGP +.9
13 TPTG 4.9

I15 TPTL 4.9
IF(L - 54) 55954 954

P-39
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'!4 1.;QTF OUITPUT TAP! 1(. 1J.'), NP . _ _ -

55 vik ITE OuTPUT- TAPE Q-.-~---~Y
1,YCPVVP , F .LP,.ITRW.TCP ,vTCLP

L + 6

26 11 *T6iS 4.9
I? * 'TG +.9

14 TSTL +.9
IFIL - 54) 57*56#56

NP mIp + I

57 WR ITL OUTPUT TAPr'i 1O,.150, t
IYPVS.v)FCLSs,WICS.'iTCLS'.W1vVCFX%-*:TCCFXV-;TICFX

L = L 4 6
C F I NALPOLY TlROP.I C FXP'1' I ON
27 IFIVLPL) ?Vi~e
28 AV = 'j.

OPIP t. 0. ____________

CCP - 0.
VLPL - 0.

PPL a 0.
!I(PTNK) 23o2300

29 WRITE 0UTPULTAP.E_1O_*k0j
WRITE OUTPUT TAPE 10s 41
WRITE OUJTPUT TAPE 10s 42

--. WR-TOJ.TPUTAO.-1*43.-
S~O Tn 1

C SE.COND)ARY TtINK CALCULATIONS
30 .. CA"). HNTST-- ________

CALL CU4ST
CALL L3DCST

C PRIMARY TANK CALCULATIONS
.41 CALL DCPT

--- CALL HTPT ____

CALL EVPT
CALL CBaPT

G liUm"?MarmP~JY

CALL T!NC

JF(SENSFI.IH 45 44 47

12 a TGPT *
13 a TLS 4 .9

15 * TSTL + .9

'6 WRITE OUTPUT TAPE 10. 100 Yilo~t~i9rAoToXW~VGIC

- InI - CPzrI . iia )

13 a TLS + *



RTD-TDR-63 -1123

132 IF(OPTNKI 3303912

Is CP02 =CP02 + CPO

110 FORMATtlHllOXS2HMAIN TANK INJECTION PROPELLANT PRESSURIZATION SYS
ITEM'4OX ,HPAGEI4/1l

I PTP MWOP VGP YCP YvP W.FCLP W.TR/bXtl4,3X9
2F7.194(3XIAI,2(3XF5*1),3X.F7.3,3XFS.l,3(3XF5.3h93XV73///)

142i FORM41IgX41 2.Tr. 5 'T' Vr 1 TST' pDGS 12T, M
IWGS, VGS YCS YVS YPVS WFCL5//SX,14XvI4l92(

160.7 FRMA T (5X 9 fTPW~i
1 IjX., 98HT CYC TGP TPTG TLP TPTL POP PIP IMWrGP
1 VGP YCP YVP WI'CLP WTR wICP WTCLP//

1508 FORMAT(1141i TGS 1510 TLS TSTL PGS PTS MWG5 V(45 YCS
I YVS YPVS WFCLS VMTCS WTCLS wTVCF ICL- WTICI-//SX.4(X

40 FORMAT(lH./abX,28H-UICTIINARY L* OUTPUT SYMOULS//l2X93tCYC12X36IC
1UJMULATIVt- NU.NibEh Ut- 111-- INII./iXil1,ICLL L WLI

- )WZ G fA c- D- TAW9f X ~vw
1 

11wony~ PCUM --,AR I I"I QWT o *JAf A ;A A'X
312Xo4HOPBPllX,22NQPTIL.No BLEED. P. TANK/12X#4HUPtBSl1Xi??HUPTIUNo B
4LEED9 S. TANK/12Xq4HOPCSIlXv27HUPTI0Ni COMBUSTION. So TANK/12Xo4H0

bCTIONq S. TANK/12X,SNL'PPCelOX,32HOPTiO PRESSURAE SENSUN, So TANK/
712X,SHQPPCP1OX932HUPTIUNt PRESSUkE SENSOR, P. TANK/12XBI-,PVUPlOX9
AS6HOPTIOEN. UAPOR DISAL'C!A!1OW. P. %/APIORJ1 ,H[RUIA,4HoI6,

9APOR DISSOCIATION, So VAPOR)
4l FORMAT(12X.3HPr3Pl2X,22HPRESSURE, GAS, P. TANK/12X,3HP6512X922HPHES

1saL-S 9-8E4c~ SoANK 412V
1 '.WD-I 1 I IIJI1il)MR.IPTRl -1

23HTOTAL PRESSURE, P. TANK/12x,3HPT512X,23HTOTAL PRESSURE, S. TANK/
312Xt4HRCLP11XSlHWEIGHT RATIO. LIQUID TO TOTAL PRODUCTS, P. 14EACTIO

&Ni 2.&WCIRl1V~kl4Wl1rW AT1O, Itilf In ?flAI PI tlfI'TYC C- DIA

STION/12X93HRMP12X,3BNREACTION MIXTURE WEIGHT RATIO, Pe TANK/12X93H
6RMS12Xo3aHREACTION MIX~TURE WEIQHT RATIO, S. TANK/12X95t1MUNNOlOXol

BERATU)RED REACTION IN Po TANK/ 12X9 3HTFS,12X948HADI AbAT IC FLAME T MPL
9RATURE9 REACTION IN So TANK/12X,5SSLIO1DX,1bHSECUNOARY LIOUIDI

IEMPERATURE* (,ASo So TANK/12x,3tiTLPI2X,28HTEMPENATURE, LIW.JIU9 Po T
2ANK/12X,3HTLS2X2HTEMPERATUREo LIQUID. So TANK/I2X94HTPTQjlIX,32H

-- -3IV14PiRATLLP.?-E&-AN t'E? T0 GA54ipf~lw?-? ,WZMPJAI:J,

4TANK NEXT TO LIOUID/12X.AHTSTGllX,32HTEMPERATURE, So TANK NEXT TO
5GAS/12X.4HTSTL11X,35HTEMPERATURE, S. TANK NEXT TO LIOL[II/12X93HVGP

&12vtIIW~fLE.,-Ue P.
712X95HWPCLPlOXABHWIGIT FRACTION, LIQUID FROM COMb/LIUUIU P. TANK
8/j2X,5HWFCLSlOXs48HWEIGHT FRACTION, LIQUID FROM COMBIL 10010 P. TAN
9K/I.2Xv5HATiC~f-lhjklHIQIAL WI1GNt. COMB RODfUCTS IN CWus A FLOW1

43 FORMAT(I2X,8NWTCLPl0X939HTOTAL WtIUsHTo LIGUIO FROM CUMtsa P. TANK/I
12X95HW7CLS1OX939HT0TAL wEIGHT, LIQUID FROM CUMi~. S. TANK/12Xo4HWTC

--- 2Pl1X.39HTOTAL wEIGtl' ASRD CM.P AK/12X.4H.ITCSIIXL.HTCTAL
3 WEIGHT COMB PRODUCTS IN GAS% S. TANK/12Xo5HwTICFlOX96 HINERT (,ASy
'.IN CRtDSSFLO8/112X,3HWTR12X,22HTOTAL WEIGHT, REACTANT/ 12X oSHWTVCFlIOX
%,.4HTOTAL WIGHtfiT, VAPLIR IN CR~%L~y2.HC1X!t~ii FRACTTON~

6s COMB~ PRODUCTS IN GAS. P. IANK1l2Xe3HYC$12X,44HMOLE FRACTION. COM
78 PRODUCTS IN GAS. S. TANK/12XANYPVSllXs39HMOLE FRACTION* P. VAPO
RR IN GAS. S. TANK112X,3HYVP12X3&HMOLF FRACTION& VAPOR~ IN GAS. P.
9TANK112Xs3HYVS12Xt36HMOLE. FRACTION, VAPOR IN GAS, S. TANK/ll)
END

7-41
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~~4 4 4A. ONDI 5 SCOMPAtRV TANK

SUJPROU)TINE ICST
COMMON ACPil

EQUIVALENCE (A(1) ,RUNNO),(At2),PL(U),IA(3)4TIht(A4)VPT)tIA(5)vc4

4(A(21),TRP),(A(2?).RIICR),(A(23hAVI,(A(24(,CDV),(A(25)oCPRI),

6(A(31),C*PPT),)A(32)sCACP),(A(33)CHC)(A('4),Cvr),(A(35),XFGVjP),
7(A(361 .CFC'WF).)A('i7),iFGLP(,((38),CFGLP),(A(39),XFLWP)I

9)A(45,),XMWCP),(A)46).YKCP)(A(5),XM.UCP),(A(54htCPCP)
E(JUilVALENCE(A(58),)LCLP)(A(L2CPLP),A(6,XwIWPV),(A(671,PPV),

21A(?)XMVAP),A(7CK9PV)t(A(9)tVP),(AUI9)hX WV)q ___

3(A) 10') ,XKI Ii AIA) 0') ,YMUJI )(AC 108) ,CPI * (A) 112) ,XFLP )

EOtiJVALENCE(C(1),CCP),(C(2),CF),((1)CPGFX1,(C(41jgCo)tC(1,CPG

7),HSCilS),C(3),HCpG),C3).NV(li)(C9,XKGiD) (CU1DPB

39),(C(46),XMWV),C)71,XMWVPs(,C(8),XMMVS(C(9),XMWVS1[2)tFSX
EOUVAL11FPCE (C2)FPSXC (2),PIP(.((24 ,PISt(j3),NHOL S))

__5jjj_2 IR *FP .UDG2)FLPXIL (H FPFIaI 29)jPI C(1) HC,%
269),QDGoHI.StC6)QG%(C(32oC59C(3),GS)(C(a).UDl(CS(31CLP3,Q)wIC,

68),OOWP).(C()7( GOOsCI8HG9C3)XGFi C(2ST (C(41

* Q_5jY
t

j~AGP~I I C(21 XMVIGFX) * C41 tXM~I s ( C(441 XMGS) (C Is I' X.AKI

91) (CS( 6*CI1OS),w S(C(106WVP) *IPC(fl7,WI)(C(081wII)(

OEOU)IVALFNCE C(4)OLG(CIOI)OGS),PIS)(1'3)ELQL),(C(

25)sQDGOLS),(C(140),QOLP),C(146)DELS)(C 147t(3)DC[6T)IC(1W8h

EQUIVALENCE $1(C 15)mWC)P)(C158) 'DLCS)9((7tDP~((8o

EQUIVA~LECE((162R),wVS((7 163SP~ (CMWPVS) ,IC()CCleUx) i(
E)QIVALENCE7)GW) IC(165,WPTG((C1166,WSTG

1B(5(,G(C8),B(6(TlS),(87),LPPSI9),(Nl(CP)(929L),vS(,3*L

31B1.AIQPC' 2 1 9 1 C444 s u WO i I ) I It * RI(vSI G I a 1 I *oCfTra I o I C) IA)*CA

41C~llloWDV)9(C(1519WV2)o(C16*42 %C17tWV~((18$
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4(B(19) CWSS) ,(B(20) *C.TO)*( B 21) 9CPST ) e(B22) 9CACS) I(b(23) 9XFGWS),
5BC 24C, CFG'4S ) (BC25(, )FGLSC. (BC261,CFGLSC, t BC27CXFLWSI,

71B(33h*XKCSI(,fl(372,XfrUCS).(B(41),CPCSC,(BC45),HLCLS),
8(B(491,CPCL$3 (B! 53! ,.MWSVot *( 4!,PSV),(B( 581 .CVAPS(g

EQUIVALENCECB1?8'I.CPVS#(BC82),HVAPShC(B(86)sXKLS!,l(9OXMULS),
1(1(941BETLS!,9(B98)CPLS),!B(99!CPLS2I.CB(100hCRLS1I,

3(B(114!.ZS!.IR(118!,r)ZSBDVsiB(122)i,HAS!,!BI126hsTAWS)
7STG aTGS

RHOLS - CRLSl4 CRL52*TLS
VLS - VST - VGS

_____C.ALLl AR5_ (yG,, 615)
CALL TARSl(VG5,SSTGol607)
WSTG -SSTG4 -WSS.r
S5TL S - .ST -- -- -- -- - -- ____

WTCLS - 0.
WFCLS 2 a

WTCCFX - 0.
WTICFX a Os

TT a TLS
CALL TASS(TPSV*1B55S

PSa POS - CVAPS*Pgv
WIS a PI~s*VcllS#XMWT/C(t(.73*TGS)

IFIOPVDS) 30193010~02
301 XMWVS - XM'4SV

302 TT a TGS
CALL TARSlTTCKSIsl563)
XMWV4% ammWJI(-La C~A5*S

303 VIVS a CVAPS*PSV*VGS*XI.IWVS(10.13*TGS)
WGS a WVS +WIS
rus , v i-

FIS a It - FVS

FCS v N.

wpvS a 0.
XMWPVS a XMWVP

w -rj WAliW~MWI ~IiMT
YVS a FVS*XMWGS/XMWVS
Y!S a 1. - fyvs

YCS 0 0.
11 *TFS 4.9

13 a OPVDS4 o9
1'. 2 OPAS 4 .9
15 opcI
16 *oPpCS
CALL TABS (ToACC,129)

O a br. - 2C*Dwfi C.&fe,'I&A
WRITE OUTPUT TAPE lO,3O~.SLIQRMS.RCLS.li .2' 13,14.15.18

304 FORMATII//143X*34NINITIAL CONDITIONS SECONDARY TANK/117Xt85HS.LIO

IP1 RA icI - p oe. opUjs OPRA b
2PCs OPPCS//17XA6,2g5XF5.1I ,SX,14,SIBX.I51//I

RETURN

P-43
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r YIIAt CONDlITIONS PRIMARY TANK
SUBROUTINE ICPT
CO0MMON A,rS
MWNSION A(1320-L4413v-ClFJO).- _ _________

EQUIVALENCE (A(1)sRuJNt:01,(A(2).PLIU),IAI3hTI I ,(A(4)VPThI(AIVG

- pD I )9A6),P -'oL'(7' - i9A!1Bl.OuI)r ( I.A.C1OPO 1 ISIIPI .oC3L)..A11)9.(

3PTNK),I(17),OPPCP),(A(181,QOP)g(A(19lCU)OP),(A(2Oh9PR(,
4(A(21 .TRP),(A(?22)RHC'RI,(A(23)sAVJ,(A(24),CDVhI1A(25),CPR1IS

6(A(41ICPPT),(A132)sCACPI,(A(33).CHC,(A(34)C)lT,(A(35),XFGWP)9
7(A(16)tCFGWP),(A(37(,XFGLP),(A(38),CFGLP)(A(39)tXLWJP)i

9IA('5(,XMWCP),(A(4b(,XKCPI,(A(501,XMUCPI,(A(54(,CPCP)
EQIIVALFNCF(A(5R(,RL(LP(,(A(62),CPCLP(,(A(66),iWvPV(A(67IPPV),
l(A(71ICVAPP,(A(71-.CKPV,(A7-9iS~ETVP1.AX&ViX4-,----
?(A(87( ,XMtjVP( * A(91).*CPVP( ,(A(9'),( HV&PPI , A(99Il XMWIl~

5(A(12(CRLP)(A(12)CRLP2((A(128)ACChi(A(132)wVDLUHl

EOUJIVALENCE(C(I)eCCPId(C(2),CF),(C(3)ICPGFX(,(C(4(gCPGP).1C15),CPG
1S)*(C16)oCPLP)o(C(7)oCPLS)9[CtB(,CYCh(C91D~tBDT)t(C(10)oDPBDT)9

- 1 I I ,nT RD I, ItU. . I 1 2 1 . f -VAI) .V L~ I I , ( fI & C r,I W rI I C I I A I F

49(C(46IXMP)(CI7(,KMVFXj(Ct4),XVS).I(C4),XV S1(C2)oFS

EQU(IVALENCE 32%HS)(C33)I ,PI)((9 ,P6(C(34oloC(3( NHCL)(C3

7)iHCLS4,Q~w,C(6!,VG)(3) sHVOSG(I6),QDL(9tC(67).QL )( (C(41Q

5,Q)(((7A(,QuRPH()(CI7P)cs(CI74,.QDSRI(C(77),uDWSSC,(g

68),@QDWP),%C(79 oQDSI (6)iDUI*C62t~r~C(82) ,SPL( .(C8

BTLIIC(89),TSTGISIC(90(,TSTLI,1C91(, T'iCC(92),VLP(,(C(93),VLS),
9(C(94)9VLP2Z((C95)sVL52)

2w CS2I ,IC(1051*W GSI ,(C11061,WIP),(C(107),WIP2I,(C(108).WISI,(C(I

7R1,(C11282,WTVCFXIIC(129)iXF),(C(1301,vCPIICIIg1IIYCSIC(132)

0EQuIvALENCE (C(141),DELQGPbI(C(142IOELQGS.(C(143),DELLPIICIAA
IoDELOLSho(C(151tDELOWP),(C(146)sDELOWS),IC(147)oDE6lT)IC(148DE

3FX I, C1153 IXMUGS) (CtIS41,fHOGPX) IC(I I PG52), (C1I1 RHQLP I
EOUIVALENCV (Cl117)sWCPI,1C1158)9WCSl

EQUIVALENCE (C(I65)*WPTGIICC 16619WSTG)
EOUIVALENCE(B(11,SLIQ,,CBC2IVSTII8I3),VG3),IB4),PS)

21B1101OPVDS),IBII11,C'PlS Il(12)oQP85Iiol8t1I1PCS)t

BIBI24hICFGWS)(B(25I,.vFGL)h1BI262,CFGL$19tBI27XFLWS),
6(B(28),CFLWS),(B5(29),RMS1g(B(301,RCLSI,(BI311,TFSI8I32)KXIWCS),

F-44
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8(B(49ICPCLSIIR(31,XMWSVIB4),PSV)(B(58),CVAPS),
9(BI622 ,CKSVI ,(B(66)d3PTVSI,(B(701 ,XKVS),CF5I14I.XMUVSI

EUIVALE~krE I h I JI 'Pv-l 1f R I A 21 EVA2-I .(RtA I.XIL"I .R 198 1.XMIiI A I,

1I8I94),BETLIHIB98).CPL1),(SI(99hCPLS2IB100ICRLSI,
2I8(1VUICRL, 21,(RI102),VDLOS),I8t106),SSTGII8(11OIALGSI*

TPTG - GP
-- __TT2l _zTLp_

RHOLP x CRLP1. CRLP2*'TLP
VLP -VPT - VGP
CALLTAM(SVGPoZPtl45B)
CALL TABSITtACC*129)
CALL TARS(VCPoSPTG%137)
WPTr,. ,SPTCWS---__ -__-_

SPTL v ,T- SPTG
WTCLP 0l.

WFCLP 0
wT1 = 0.

CALL TAI3S(TT9PPVi68I
CALL TABS(TTvCVAPPo721
pip R GP - aA102%

WIP PIP*VGP4ICMWI111O3*TGP)
wcp 0.

201 XMWVP a XMwPV

Go To 201

~A CALL TABStTr.CKPVo76)
XMWVp a xmP/J~oSRFl+&CP*VP*PI

WGP a WVP + WIP
FVP 0 WVvPiWCt

FCP a 00 '!

XMWGP a WGP/(WVP/XIAWVP +WIP/XMWII

YIP a 1.-YVP
YCP a 0.
,C0

IFlOPIP) 2O&92OA,2O5

GO TO 210

207 CCP *-Is
51n ti tMA4-

12m TFP +.9
13. OPIP4*9

:6 02= -

Ism 0pIgP+.9

ME* OPPCP+09
PIP w PGP + ZPOMIOLP* M463S1.

208 WRITE OUTPUT TAPE 10,209s11 9PLIQRMP9RCLP,12sI3oIAIb.I6
209 FORMAT(IHII/44X932I1INITIAL CONDITIONS PRIMALtY lANK//17Xo85MRUNN()

i Pa wn nitr Ricr P v $FP Qi oryar or-

RETURN
rn

IP-45
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-.- FHAT TRANS~FER CJCNYR &

SUBROUTINE HIST
COP-MON ACsB
DIMENSION A(1320)9b(j13O)9C(3ZO)- _______

EQUIVALENCE (A(l) ,RUNl:U),(A%(2) ,PLIQ)A(3),TI ,(AR),9VPT),(AI5) ,VG
1P)9(A16)sPpGP)9(At7)tTrP)o(A(81*TLP)9(Atq)%CPU)o(A(10),PPL),(AIl,

IPTNK) iCAC 171,O)PPCP)s,)A)I),DOPI9(t) )CDOP), (AI20 ) PR)9

7(A(36),ClGWPh)%A(37)g'FGLP,(A(3J),CFGLP),(A(39),XFLWP),

9(A145),XMOVICP)(A(46),XKCP)$IA(50),XMUCP,,(A(54).CPCP)
rumlVALFNCl (k(5N),IiLCLP),(A(62).CPCLP),(A)66),XM(l-pV),(A(67),PPV),

?(A(R7)sXi , 'IVP.)s,(A(II I , VP) *IA (95) ,IIVM'IP) *(AI91 I X' Wli
3(A() ) XKI I *(A) lC)4) XMLiI * IA) 1) ,CPI I, A) 11?) *XKLP I

------- I)IP aII (1. I* L PI(A l I'll,ZP I ,J3) I.E I A( I PP.DV)

7 IAl 152 1 sHP I - fA fI 6A1JAW~la
EQUIVALENCL(C(1),rC~PIC(2)t,F2,(C(3ICPGFX),(C(4),CPGP),(C(S),CpG

3PHSCLS6),tStC1)~lr((8oC(37),HC(19C38),HVG),lC39IXYFpXXI4

49),C)4),XMIV),CU 4 7(,PVSXI3)PI V(C48hMWV(I49V),XMWVSUFVF

EQUIVALENCE iC'slhPIPl,(C(52),PIS),(C(531 ,i4HQLS) IC(

259),LUQGI.SiC(6lDGP),IC(61),QlXGOS),lCt62),UDras(9(C(B3)gUD)GWP),
3(C(64),Ul)GW$,)C(65).UULOP),LC(66,UDLOSl,(C67,(4)LPC)(C(6)LJLL

5,oUPRI,(C(7d.),(UDHPRl(C(7),QOSPC),(C(16).QQSR),(C)77),DSSCI.CC(7
68)sQDWP)%f(:(79) .QON5[9 (C(82) USPTLI .(C183

aLht(C(89ghTSTG)s(C9)TSTLC91)TT),)C(92,VLP)(C93IVLS~i
9(Cl9')%VLP?h9(C(95BhVLS2)

-- E=g . IiU..ALC 9(1 4 9f*WI - I II " I - "' - -"'- - l "o1 W) MOC.J'

QEC(OIVALEC IICIIOELOCP),(CI1a2bDELQGP2)9CI103)oDLQL)(C(104a.

2w PS)(C I ,X4GS) (I10) .RHOFX),(Cli )oIP2)oC(1086h ,RHOLItl

4oI1ALENCVP (C(15)WP2IC16hwS *Cl~sDSC18oV

£.)(C(19,CFCSSI((OC10OL),I21I.TCpS2)CCSI(32,XTCP)9SI
%l~ 2Tt, q. i , I) rR IY~LI 1 RI AA i±JJLIwTI el vIF' 5Y

7R)1C(28)FWTVCFIOg)IC81X)(CQ),RCPIB3),TP513),IS3),XC13),
8)33),XCS),(B(3IXMCS2,(B(41),)9CCSII8IAP),CLS),yvllC13

RIE UIALENC .IR41DEP)(( l14c.1.R R EL G I. IRI 3)DELOfPVAP@.4

lloD~oLS*IC(45)oFLUWI~tC1461DLWlt14)ETIC181E
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9(ti(62 I CKSV) 9 (I66)CtBFIV1 s ;(0 ) XKVS) s ( 174 oX.iLJVS)
EQU IVA LEMCt n(78) 9CMPV,9 W82) 9HVAP5 t M86) XL) b 9 ) X4ULS),

2 HAI 1011 I CRL52 19I( 1021 )VDLQS) %( P( 11)61 ,SSTG It ('.( 110) 9ALCS I

C .WALL. NEXT IC GAS- _____
TT a (TGS + TSTG)/2*
DELTFX = ABSIF IC'S - TSTCG)
XF-. XFGWS ~ . ~ ____ _____

CF - CFGVW
CALL HTSMl

CALL TARS(T*HAS916?3)
CALL T Al';(1 9 AW.'s 1627)
QDGOS C5TU*b5TGMFIA*TS7G-TA',.S)

C H~ALL N XT To LIQUJID)
IT - 111.S + TSTL)/2.

-DF T__________________5_1_11_1

CALL TAIkS(TT sXlKLS, 158')
CPL5 CPI.S1; + CPLS2.fTT
CALL TARStTT*XMUL.S.591)............................
RHOLS - CRLSI + CRLS2*TLA
CALL TABS(TTo RTLF,91!95)

IXM)Lr,*XKLV'S) I**XFLS
ODLWS aHF*SSTL*CtLS - TSTL)

.-LOS .a~_____ ___
C USA TO l.1Oul) sonFlACP

IT a tIGS +TLS)/2.

XF - XFGLA
CF u CFGLS

---- CALL HTSST ___________________
CALL TAFISMVG)ALGS,1611)

3DL. HF*ALGS*(TCS-TLFe1

F ND
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SUBROUTINE HTSST
COMMON A*C9li

EQUIVALENCE (All) .RUJNN.U) ,)A(2hiPLIU) ,(A(3) ,TI).(A(4),VPT),(A45 ,VG
JP)'(A(6) ,PCGPl,(4(7) ,TOP),(A(8),TLP),(A(g),CP.)I AtIOI ,'PLI ,(A~ll)9

SPA(,XMWP.A(1 4hPC),XKCP)(AO),XMU9)CP1,(A t( 20),,PRP)
EUUIVALENCEl(A(58),HCP)(A(62),CPCL)(A(66o~)VXMMPV)(APb7),p
5W263 *CvPP 1 L*A27-LL5) 4- tc DRi~ I (PT - , A 9 ) fpj f ______IRV___

6(A(lfl),XPPT(,(A(32O4(,C.lU((A3)8ICP( 1 ,sT)(A(35) r.LP)

7 CA) 16) ,CRLWPI3,(A) ]7) ,CLP2 1,14181CFC),(Al3) ,LP)

9(A(13)iXSPCI (AI 4) ,ALP) *(Al 1441 .?P ,(A( 111 )zPP)V

EQUIVALENC((58),iCP)((2)),C3),P~),(6)C('4)PV)(c),cPG

I 1 W I) *OTTUOT WI~ 75) 1OAR ..C I A) fDRO l k ltIIW I &)C XKP I

2 1 (8721 , jPS (9(1 ) CPVPF) A(95 )3IVPP) .( ()) oy),)C2pVI

7).HSCL&( ,IC9(7(10V),1CC38,((HVS),CI(3,KI,XKLC(4

L.DD~~~~~ A I ( r~'i I m I RfI TfIl P I I 12t. I Cplp I 72 .t31b 1 12" CPI P21,

BeQOPRI )C('(RR.Cl(7512)CRP),CDSPC)(CC7),QDSR3),)C(77(ODSS ,C
6(16 ) s WPTC)9A( 140DW), (CCSLSP1L . A.44).PC (1. )lZ11.V

FIVAL.;;ECtLS)(C1O) ,WO2CF s(C()GXC(1021,CjCP2()C13,W C~(5o),
2W S) .69CL(C(10)W7) sCL)Oel w(BCY(C(97,1P,MtD)(CI),I5) ,R(1~

_ _ _24C.L 44 4.f j(~2 I I~ia I .w)I7 IC( O A If ii,

3YP)((1(YIS)(CI3ASF)YPVSIIC3),YVP(19IoC1301yvS(,tCl3

OEQUIVALENCE )(C(141),DELQFP).(CC21*),DEo(s)(24c1F3) .DE(JLP),(CVi&'

7).DELLS),C(37.oHVDELOWP(38C(1I.6),DELQW),)C(14).DE (C(C41,
a ITP") 1 ,

1 
I 21- 1W. I P I ,( k IXlA , ~I C I j6& I' a XMWG& IWUC (C I A~& p , ,'- lt

EOUIVALENC VPI(C(7)sKCP),lC(8,C()XWSIC4%XWV)

EQUIVALENC7 (L1,SL!1,IEPIVT),((2GS)IB)4((53G),RO,%9

A(B(1.WSI ct "P-i, IC SI-STO) C2 I , CSt 1& 1CL- I, C )I 1(,XFGWSD).I C

2 59 s DGL) IC S((6) ODiRMSI i(C( 611,RCGS I vt C( 61 9 TlGSu) 13 ) 0MOI v

3((6)*DGS~(C65sULO~tC(6)0DOS*((6)sDLC1-468 9D
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9F~A(2 I IV 1rt6 17 !C'!*T,/ .1, C.1 9)\oF,VI 7,- )A ix -YjvS111 -~1X.~I

ETJ IVA I BCL? 1e )~? CV:)L3( 8 1- 1 tlCt.P'snt ( lo ,f'L' i 11 P

IFIYVSI 4l,641%42
41 X,~~ "!v1 I

itETVS = 0.
rt TO 45

42? IF OPV DS )4 134 91,4

4 .V1 "s aXMWvl

GO Tn 4'
414 CALL TARHS(T1,CK4WV,1'6 1 I

x)'A:V51 =XM..V/1.i.] RTF(I.+1,.CKSVYS*PSI I.-
CALL TAI-STIIFTVS*I5b7)

45 IF(YPVS( 46946,47

*46 -XbWVL6L.
t-i. f f, =
G~O TO 50

- 4-7 -- Q-.LPJ48 4 1

48 XNIWPV I UXlWPV
8FTVP a Is/IT

49 CALL TARiS(TTCKPVs761

o xMWGFX YVStXMWVS1l~ypV!*xmv!pvl+Y!S*XIl.I+YCS*XMWC.

FVSFX *YV*XM(VS~XMt.'GFX

FISFX I .-FVSFX-FPVSFX-FCSFX
FCSFXxYCS*XmwCS/XNYWGFX'

CALL TA'R(TTqCPVSsl579(
CALL TARSITT*CPvP%92)

.CALLIjAas.LLICPT1 n9)0~
CALL TA~kSTT9PCSo14.)
CPGFX a FVSFX*CPVS+FPVSFX*CPVP+FCSFX*lCPCS+F ZSFX*CPI
CALL- TABS ITtXKSLL 151_) _
CALL TARS(TTtXKV~s81')
CALL TAtiS(TToXKI9I1)

XKGFXR YVS*XKVS.PYPVS*XKVP4YI SiXkl+YCS*XIKCS
CALL TAHS(TT*XMLJVS*I55)
CALL T~St5I,1j4YU±8. -____________________

CALL TAITToXMtJI91051
CALL TAASITTsXMUCt9I5?81

1Y!Sj*XMUI*SQRTFCXM~w?) + YC *XM~UCS*QRTF(XNIWC$II/(YVS
4
SQRTFIXMWVSII

2,YPVS*SRTFXMWPVII * YIS*SQRTF1XMWvI)4YCS*SQftTF(XMWCS)I

HF.XKGPIC*CF/DST I DST
4 4

3'RIIOGFX**2*ACC*BETGFX*1ELTFX.CPCIFX*.C31O8/
1(XMUGFX*XKGFX) I*'XF

END~
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COlM911?TpO S9COhINA[2v ZAKI

SORROUTINF CBST

COMMiON ACtR

EUUIVALENCE IA(1),RUN'1) ,tA(2J ,LIU),tA(3),TI )s(A(41VPTh9(A('jhVG

1P*A,rPI.)-I( . (7P1* I1T FI%((1TPi. IAILI ?OpPI.IA1I.(PpII(AIf)e

3PTNK),(A(17),OPPCPI,(A(18)DOP),IA(19h$CDOP),(AC2OktPR)i
4(A(21) ,TRP), (AIZ2),RVI-CR),(AL23) *AVfl ,A(24) gCtV) ,(A(25) ,CPRI)i

6(A(3flCPPTt(AI'2),CACP),(A(33),CHC),(A(314hCDTH,(A(3)tXFGWP1,

9)IA(41,) XMAWC~'1 * A(461 ..lKCPI ,( A(50) XMULCP).(A(,4) ,CpcpI
rIoIJIVALFNC (A(81,ILCLP),(A(62),CllcL.P)gIAUl6)tXhIW'V), (A(67)tPPV)l
1A) 71%CV APP-)s LA() sCK LAL)-I L-)ttTVn/M Ill' I.V

2(A) -1% XMKIV)oAliI,) ,.PUI) ,)A(91oR),CPP etA H2) ,X,4WLt

5(A) 126) ,CRLP1) (A) 127) ,CRLP2) (A) 128) ,ACC). (A) 132 ) VDLUP)o
6(A)176jF.PTG),(A)140).ALGP),(A(144)ZP,)M148L)ZPBDV),

EOJIVALENCE(L),CCP),(C(2),CF,(C3)CPGFX,(C(4,CPGP))C5)CPG
1519(C(6)9CPLPsC7)*CPLSI%C(8)CYC)-sC9]L)MBOT)9(CIIO(,DPBUT)9

'e.C21)FPV,)9C(22(,FPVSFX),(C(23(,VP)(C(24),,$1(C25lFVSFXI

7).HiSCLS( ,(31)HVPG),)C(3801VSG),(C(39)XKdFX) (C(4i1

91. IC(46),XMWVP).)C(47),XMWVP),tC48,XWVS)(C.91XIWVS)
EQUIVALENCE )C(511 ePIPI ,(C(!'2(.PISli ,C(53),RHQLS( .(C(

259,QDGI.S),((6U)QDGQP),(C(61tQL)OS)(C(62.ODS,(C(63)QDGP),
3()64,QDGW)(C(e).QLOP1,)C6)QDLO)(C67))DLPCI,(C(68),oDL

5,QDPR),(C)74(,DRP)(C{?,U9DSPC),(C(76),QDSK()C(77(UDS$Ch(C(7
68) *QDWP) 9 (C. 179 1UDWS), 9C(a2,tSPTLI.(Ct83
7) 95STL) s(841 oT I %(C)BTPCP),)C86j#-!TfC,)(C(87)TUS2),(C)8)oTP
BTLho(C)891,t-t-7G(,(C190)oTbTL)%(C(91)*T7)ttC(9219VLPI)C(9319VL$lo

9(C(94( ,VLP.h(C(9$,VL52)

1(CllO0l.WOCLSb9(C)1O1)q WDCPlolCf1O219W CP2'l,(C(1O3)oWDCS)olC(1d419

52) (C1119) . CLP ) 1C11201,WFCLS) (Ct 121'.WTCCF). (CI 122) ,WTCLP) .t

7Mt(Crl2B),W7VCFX),t(1292,XF:,(Cc130ohYCPI,(C(131h$YCS),gCg132I,

9a!TQ~Y)C(13tlAMGC1l YPV- _t_13___Y__________________37)

OCQUIVALENCE )C(141).oELQG).(C(42,*DELOGS)s(C(143) ,DELQLPI, 1C1144
11,OELOLS),(C(145),OELOWP),(C146),OELOWS),(C(1'i71,DELT).IC1d.I1,QE

3FX),(Cg153)XMUGS).IC(154),RHOGFX~h(C(155)PGS2)IC(156ROLPI
EQUIVALENCE ld 157)9WCP) ,IC(1S8)9WICS(

EQUIVALENCE(8(1).SLIQ),IB(2[,VSTv.(B(3),VGS),CB(4ItPQS),
l(B(5),TGS),)B(6)gTLS).(B(7),DELPPSICIB1hPSI,(B(9)VLSL),

.4(tS19)CJSS)(B20O(CSTO),(B(231,CP$T,(B(22)CACSI)al(23,XFWS),

1.30
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91B(6I6CKSV)*(6)sBFTVS)St(t70)§XKVS~,i8(74)*XMUVS)

439L i.Hit 9 1CPtS19co I I .t ir (( nn ICR I A I

So0 WDr.FX 0.
wDCS 0.

501 W~DCLS 0.
OOLSC 0.

60 TO 606,

503-- A'DCS x FCP--___________________________

TT IT(*P 1 C ?
CALL "A'5(TTtrPT0V0)

CALL TAH~S(TTqCPVP992)
ODSSC a FIPCP4.FCP*CPCP.FvI*CPvP1*(TGP -TGS)

504. WDCS * IVP4.FCPI*IRMS4.1.)*(1.-RC4S
WDCLS *(FVP4.FCP)4(RMS4.1)*RC.L5

CALL TABS(TT9CPIi1091
CALL TABSCTT9CPCP,15)

0PGRxFVP#HVPG (FIP*CPI * FCP*CPCP)*(TGP-TR)
IF(OPIS) 5055550~6

CALL TAH~S(TTtCPV5i,15791
OVARI a RMS*IFVP + FCP)*CPVS*ITS - IR)

506 TY a ITllS + TR),'2.
I2VARI a RM^3*CFVP *IFC')*lTLS - IR)'(CPLSI + CPL52'TTI

OSR #tWDCS + WDCLS)*14CS +. OPGR * DVARI
CALL INTGItRTFSTTvCP! ,109sHI.A)

.___ TEC"2 IROSRIITS -RItI*F P IP*t Wr l A bIL j~
CALL INTGITRTFCSTToCPCS1L.2,MCS.AI
CALL IN7OITRTFCSqTTCPI,109sNI.A)

TFC a R +. O&A4ITFCA TR! IHIt*FIP + Hf*4*WIf~ WfltL&I I
GDLSC a CACS*CHC*(TFCS -TLSI

TT 2 TLS
-- -- ALTR(TOLL-56

CALL INTO(TLSTFCS.TTCPCLS,1550.HSCLSA)
O0*CLS a (NLCLS + HSCLSI*bIDCLS
CALL-INYG £RTSf.P~1a.~A

CALL INTG (TR*TGSTToCPI*109*HI.A)
CALL INTG (TqsTLS9TTsCPCLS*155OHSCL$9Al
00SSCu0SR-WfrCS*HCS-FP *Ht4.WbCLS' IHLCLp-HSCLS)-

600 RETURN
END
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-- r-----BLEll-AUDl I MIWIDEN rfPNrTT1At~iC &CnhI)APY TANV
SUBROUTINE BDCST
COMMON AoCsS

EQUIVALENCE (A(1),RUN(NU).8(A2)2PLIQht(AI3).TlICA(4) ,VPT~s(A15) ,VG
1P),(A6)PGPht(At?)oT,)(A()8)sLPh(AI9CPD)h(A10),PPL),(A(IlU,

-- 2
0PH), 1AlL2'-V'l i ttAl a) UDnP~r%2lA)l 1-),lI *A1..IP IIAII.f3PTNK),(A(17),OPPCP),IA(181,OOPhC(AIg),CDOP),IA(2IPR),
4(AI21,TRP)(A(2,)RHR)(A(23)AV)IA24,CLV),(AI25),CPRI).
5C.A(26) sCPR2),.AL27),PT-(A28*.ST)i-LAL22) CMELP'L'flj'CPTo
6)A(3)3CPPT)IA(32)CACP)(A(33)CHC))A(34)COTI,)A(3)XFGWP).
7(A)361hCFGWP),(A(37)0FGLPI,(A(38hCFGLPCA(39)iXFLWP)9
RI A11,01~ IWPI. gflI.MMPI.( A It I.RCI P1 * Alt. .TFP). IA(ITRI
9)A(45IXMWCP),iA(46I.YKCP),CA(50),KMUCPC)AC54),CPCP)
FolitvALENCF(A(!5R),ILCLP),A(621,CPCLP),(A)66) 1XMiWPV)1 (A(67).PPv),
1(A)71).CVAPP)IA75),CKPV).IA(79)EiETVPtA..83)-,XV'21 _

3(A) IOU) ,XKI) C*A) 1C4) .XMUI 9A) 108) 'CPI (AC 112) *XKLP)o

SdA(126),CRLP)AH27)oCRLP2)sA18)ACC,(A(13)VDLUP)i

EQUIVALENCE(C(1).CCP),(C(2).CF)s)C(3),CPGFX),CC(4CCPGP),(I5),CPG

3P),(C(16),FIS).(CI171,FISFXhI1C(18),FCP),(C(19)gFCS),(C(20),FCSFX)
4,IC(21),FPVS),IC(22),FPVSFX),(C(23).FVPI,(C(24),pVS~,(C(25),FVSFXI

9gh(C(46IKNWVP),(C(47CXMWVPfl,(C(48hoXMWVS),(Cc49),XMWVSI)
EQuIVALENCE (C(1)PIP~t(C(2iPISIC(3NC-IOLs),IC(

681vGDWP~sIC(79hOQDW5)% (C(8?)%SP!Llo(C(SS
71 oS&TLI-&-( I R1jTLtLL-i PtCBA.P)((7I~i2IC.f)T
8TL)v)C(89hqTSTGI)vC(90MotS?),CC(q1CTI,(C92),VLP,IC(931,VLS),
9l(9(4)9VLP2hI(C(95)9VLS2)

1ICC(10).WDCLS),IC)1QUowOCPI,(C11022,W CP2)oCC(103)PWDCSI %(C(iO.)9
2W CS2) ,IC[1O3)tW GS)9CCC16)WIP)#)C107),WIP2hItC(18)WIS),(C(1

OEOUIVALENCE (C(14I)oDLGPI(C(142),ELQGS)tI(C(13),DELOLP).tCI144

3FX),IC(153),99XMUQ~tS)(CI154),RHOGFX2,cC(1~3),PcGs2).ICc1562,RHULPI
EOUIVALENCE (C(157),WCPIIC(138),WCS)

3)B(14),PPPCSh(lBC1lS),l((161,CDOS)((17)DSTIB1B)SST,

7-52



RTD-TDR-63-1123 1

61SI28 *CFLWS)(St29).RMS),(B(30),RCLS,(131),TFSh9(B(32),XMWCS)9
7(B(33,XKCSI713x?.UCS)g(8(412,CPCS)d(BC45)HLCLS),

9I62CKSV)((66)I3ETVS),tB(70)sXKVS),(B(74),XMUVS)

-19t41 A FTLS I (HI I. rPL MI - I k(9CPL~k2 I H( Q I *~CRLMA I.
2(BCIO1),CRLS2),IBiO2h9VDLOShC(B(106)SSTG,(B11O),ALGS),

CAL I T tSfI-VLIL -
ODWS aPGS*VDLO0S*@185
TT a TGS
CAI I TAB-I CP-VJS~l5A9L
CALL TABStTTiCPlol09)
CALL TARS(TTtCPCS915.21
rAll TAHCtTT.CPVP.Q( ________ ___________________

CPGS - FVS*LPVS + F1S*CPI +FCS*tCPCS +FPVS~rPVP
IF(OPBSI 601s601*602

-601- WDBS '-0 a__ ---- _ __--_ ____

00 To b99
602 GAMGS m CPGS/(CPGS - lo987/XMWGSI

I *41 c*6ArA-KTGS.! * *a I/ IGAMGr- * 4

699 RETURN

END3
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r r A c ta c. I )W NnFv o~tATI (INI mrNnaInv VA1N

SIJRR0UTWN GCEST
COMIMON A,C,B

EQUIVALENCE (A(1),RUNNO),(A(2h*PLIQ),(A(3),B ),IA(4hsVPTI,(AI53,VG
IP),IA16),PGPhs(A(7)hTGP),IA)8htLP)CA(9hCP0I.(A10)PPLIA11),

3PTNK)s(A(17),OPPCP).(AC18).DOP),(A(19),CtD0P),(A(20htPR),
4(A(21),TRPI(A(22,RHR,(A(23),AVj,1A124).CDVh(A(25,CPR),

61 A131) ,CPPT), (A)32) ,CACP), )A(33CHC I (A(34(.CDT I.(A(35)XFGWPt
7(A(161,CFGWP),(A(37),>XFGLP(A(38),CFGLP),(AC39),XFLWPhs

E OtI V AL ENCF I A ( 8) FL C LP *( A 6 2 1C PC LP)v( A (66 ) tXMWP V) s( A(6 7.P PV),
1( A 17 1) 9 CVAF V)IA 17 5 )CPV)o A ( 79)s BE T VPI(A )83 La KVP La-~--
2)A(87),XMIUVP).(A91),CPVP)(A(95Ii-VAPP).(A(991,XMWI),
3ACA(100.XKI I (A( muw) .>MUI ,(A( 108) *CPI , (A(112) ,XKLP)o

"A II A I- YM,11 P%I iA) I I ? 1- ErTL I Au(11, 1 , CPL P1I IfA I12I ,.rp 1 2 2

6IAII16),SPTGho(A(140ALGPh)sA(14)ZP,(A(148),DZPBDV),

FQJIVALENCE(C)1)CCP),C(2)CF).C(3CPGX(,C4CPGPh1(C)SICPG
1S) (C(6) ,CPLPI, )C(71,CPLS) (SIC)BCYC) (C)91,UMIOT I C ilo) ,PrBDT)i

2 rII aU IRT fCf ir l~~E R III ' nVL~ nT I. (C I (71Q Wn I .HC ( I r I I A i. 9

?heHSCLS),(C(37),HVPG(,1C(381 ,HVSG),tC(39)sKjFX) ' (041

9),(C(46,oXMWVP).fC(47),XMWVPI~h(CU.SkXMWVS,(C49XMWVS)
EQUIVALENCE (C(51(.PIP).(C(52),PISI(C(531,NHOLS),(CI

- ~ ~ tPR -AdW1jC )Ij t.Li" ln.DLP.C(7 1ODCLqlu(Ct6A)
259),QDGLS,IC(60),QDGC'P,IC(61)QIGOSI(C62)I.Jt)tI(CI63hQGDGWP)I
3(CC64),Q0G'.4I(C6)UDLOP),(CC66)Q0DLOS),(C(67(,QDLPC),lrC(O8)sQDL
4PRht(C(&Q(.ODDLC)tC(PslbLWP(C(71),OOLWS).)C)72)ftUbP~ijRI.(7lfl
5,QDPRi,(C(t74IQPR(C7)QQSPC,(C76,ODSR,(C(77).QD&SSC),ICI7
b8eoQDWPi .)C(79( eQDWS)v l C182)sSPTI) .(C(83
7 )s 55 TL. wC 104) T )oICA 1.0F C F-ti CALa(Lt-T--a1SA C i1 t T(3 2 )s L.LM.LLT...
STLoC(89hTSTG*C(90,TSTL)#Cc91*TT.cC(921VLP)*CI93,oVLS,
9 (C (94 1 VLP 2 9( C(9qi VL 52 1

2W C$21 ,(C(105)oW GS)o(C(1C&(,%J)Ph(C(107IWIP2).(C1O5),WI)5)(-C(1

4CC 114)%WDVP)9,(CI 115), WVP2). (C) l16) WVS)*I(117I WDVS). (ClIItWVS
S2hI(CI119IVFCLP),ICI120)sWFCLSIh(C121)WTCCF),ICtl22).WTCLP),ICI

7R1, IC(128) sWIVCFXJ 1C(129) XP) * C~C 0(YCP1. ICI1)1) YCS) (CII)?)9
*YIP),1C(1313)Y IS) . C(134).YPVS). 1C1135) YVP I, C(136) .YVS), 1C(137)*

QEQUIVALENCE ICII11CELQGP),ICI142h9DELQQS) ,1C(143) ,QELQLP),IC(144

3FX),ICI153),XMUGS),ICI154),RHOGFX),ICt155)PGS2)IC15)R4ULP)
EQUIVALENCE IC1157)owCP)9(CI ISS).WCSI

EQUIVALENCE (C(162),WPVS),1C.163 ,xMwPVS),ICI164h9WTCCFX)
EQUIVALENCEIB(I)tSLIQIIIRI2),VST)II31,VGS),(BIA)9PGS),o

21811C)0(OPVDS) ,BiiCPIS),IBI12)OPBS)gIBI13)OPCS),

518124 ICFOW),IBI25hoXFGLS),1B126(,CFGLS),IB27)XFLWS),
6IB(28),CFLWS),IB(29)tRMS),IBI3O),IRCLS),)BI31),TFS),I8I32IXMWCS),

71R 'A ) tR 17 X~jc.), l - r rs IFt19111.115l
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SM 9)9P L (3-X-qV 8 5 )sS )9( (5 )%V P

IFICVAPS) 701%7()1%702

701 WDVS =0.
Kvsa - 0 a --- ~~ -~--- - -- -- - _ _

HVAPS =0.
GO TO 70'3

TT - ITGS + TLSC/2.
CALL I Al P ( 7T , CPVS s15 79)
FIVSG =CPV5

4
'(TGS - ILS)

TT = LS
C7ALL T Ar T T .HVhPs .1 i8 3)

CALL T~x'T.P~l7,
703 IF(PCP - PGS - I)FLPPS) 7119711.704
70" CALL TARS (VG5*S,ZIIs69- -- ___

PGS2 aPS -(ZS +DSV*VLtfl*RHOLSACC/4633e
WDCFX m IVGU .VDL..OS +W.DVS/RHOLS) 4PG52*XMIWG,/( 10.73*TUS) *Wt)lsSI'

WVS2 3 WVA -FVS*WODiS .WDVS
IFIOPCSI 71k9705*706

7 0'S WPVSP aFPVS*.WO.S-- - uDSI +f~P -Z

wCS? a wcs - FCS'1worts +. FCP*WDCFX
W152NW!S - FIS*IID~i + FIP* WDCFX

lW!5%2/XMWI + WVS2/XMWVjr)
HGS UWPVS%?*CPVP +Wf52*CPCS *wtF)2*CPI *WVE52*CPVS
GUGS
70S2 *TGS + WIlS/H6.5,
wDCFxa IVGS +VOLUS +WVS/RHLS)*PGa XMIW~e2(10.73*TUjS?)+ WL~t3S*

GO TO 710
706 WOCPK a WDCFXi(Wt)CS +FIP)

V11S2 u WIS -F1;%WD0S +F!P*WO)CFX
XMiWCS2 a lWC52* W1S2+.WV521/(WV2/XMWqVS+qC52YMWCb4W1S2/XMWI)

WDVS2 a WOVS WDCFX*Rt,.S*(FVP + IFCP)
IF(OPIS) 707,077018

GO 70 709
705 ODGS a WDCX*CQUSC-UL:CLSI-WU)CI'Xe4087*QD)LSC-DGWS -UL~bLS -QDWS

709 TGS2 a TOS + GCS/HSGS
WDCFX a I IVOS 4VDLOS+.DV$2/RH0LSI*PGS2XMW6S21I 10.73*TG521 ,WVBS%

~11-USI WC.I'fwricit *.

710 ?IWDCFX) 711, 799, 799

7j 1 WDFX a t
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SURROUT INE DCPT
COMiMON AC9R

FQuIVALENCE (A))RUNf<O),(A(2),PLIO),(A13),rI ),(A(4),VPflttA()tVG
IP) ,(A'6) ,PGP) ,(A(7) ,TCP) , A(8) ,TLP) ,(A(9) ,CPU),( A(10) ,PL) , I) )~2P~kL4~LM 11 -%'1 P1 I -' I 3)( LAaan 4 --

3PTNK),(Ak(17)gOPPCP),CA(18)sDOP,,(A(19),CDOp),CAC20)sPR),

5 (A(7)26 T.P2 .1AL 2 21-.HP44.49M t-8 .$.P44(A(4 4-4V,4-.A(44-Lj4-.---

6(A(31),CPPT),(A(3)3,CACP(,(A(33),C'iC))A4)CDT))A(35)XFGWP),
7(A(36),CFCWP).)A(37),iXFGLP),(A(38)sCFGLP)o(A)39,XFLWP),

9(A(45IXMwC P)o(A(46).XKCP).(A150o)XMUCp)s(Apt)4),CP)
FQIJIVALFtNCr)(A)5R) ,HLCLP) ,(A)62) ,CPCL-PI ,(A(66) ,XNIt'PV) )A(t67) ,PIV)o

?( A(87
1 

,XMU[VP) .1 (1 I .CPVP C 4(95) ,I-iVAPIP I.(A)'I9) o XlMNI)
3(A( I ) ),XKI * (A(104t) .X'IUI ,1 %(A( 108)L CPI ) .14112) o XiLP )

5(A(1?6) ,CRLPI I, IA)127) ,CjiLP2) I &)128) *ACC), IA))32)sVO)LUPI

EOIJIVALENCE)C(1) .CCP) * C(2) CF I.(C 131.CPCPX).IC 14) ,CPCP), (C) CPG
1S).(C(A).CPLP)o(C(7h.C'PLS).C(),CCyC),C(9q)oMcTcocC(IOIDPB)T)s

3p1,(CI16).FIS(,IC)17),FISFXI)C(18)FCP)IC(19)F(S)tIC(20)sFCSFX)
4.(C1211.FPVS)o(C(22)gFPVSF;x),(C(23),PVP)sIC(24),FVS),(CIZ),pVSFXI
59 (C (2) & I sCPF-XJ a t.C1j2?--FjF Ii~ )WLC2.LnEILCZ±ilLL..3f) IIcSJ.

7),HSCI.S),(C(37),dVPGI)C(381,HVSG),(Cc39),XKGFX)t (C(41
LtMRLLJ~LXMG Ir (43 1 XMlr, I &,Itt~,% ,iXwv

9I.(C(a6).XMWVPl.(C(47.XMw~VP1),(C(48),Kt-WVSI,(C(49,XM'VS5I
EQUIVALENCE IC(51) ,PZP),(C(52),PIS) .)C(531 ,HHULS)*I(C)

.154) tPJI-P IiC ( 55) 9PTaLs.1-C 156 *QDCLP-) i.(C 5-7lj~.1-sa5)tI C L" -t L.ULpjiiLCL..

3)C(64),QDG.J)e(C(65).U)DLOP)IgC(66),QDLOSI,(C(67),UDLPC))(C.(68),UUL

5,QDPRI.I(I4IQDRPR.IC(75)QSPC,(C(76)QDSR)(C(77)LU))SSC)s)C(7
6a)sODWP) ,(C(79) iQDWS) , (C(82)oSPTL) ,tC(83
.7, 1s6TLLAt- 1 B4 1 ii. C)85)1 OF-CP)LC hit5L(atttztcLfP

9 (C (94 1 VLP2) s C (91 oVLS2 I

2w CS2) ,IC)1o5loW Cb),IC(1081,WIP),(C(1071,WZ)'2),(C(108),W1S)I$C(I

4(C(1141,WDVP).(C(11IsIWVP2I,(C(116,WVS),IC(117)WDVS))C11SI.4IVS

8Y1P),(C(l31).YIS),IC)134),YPVS),1C1135),YVPh§(C(136).YVS),(C)137),

()EQUIVALENCE (C) 141),DE.LQGP).(C(142),DELQjS),(C(14.)),DELULP),(C(1.4
1),DELQLSI.l(1'5,ODELP),IC(14)#UELWSCC(147,DLLT,1C148),DE

3FX),ICI153,XUGS)(C154)RHOGFX)(C1SS)PGS2)IC(156,IlMULP)
EQUIVALENCE (C1157)9WCP)v(C(158l*WCSl

UIB()5),TS)U3161,TLS)IB(?),tELPPS),(181,PSI.IB)9),VLSL),

6(8(28),CFLWS).IB(29).HMS),(8I30),NCLS),c8131),rps).)di(3a),XMWCS)9

?(533oXKS~tb37)XWUCIO~(4)tPCSoli(5i-s.S~



lBC 94 I, oBETLb Is (11(981 o-CPU4 ) s ( 99 PLPI..&2J.WUQ) CR I Ia - . -

CALL rAc(*rL~-~
WflN - AV*CI)V*S(~Wi- C9?b66*ItH(-R* I PR-PGP))
(: D .,'P 2 P6J *VDLCP*.1 89,
TT TGP-----------*-------___ __

CALL TAB,(YTCPVPt92)
CALL TAH5(7TCPI,109)

CALL TAfiS(TTsCPCP.*55I. -- ~ -- ~ -_____________

CPGP - FVP*CPVP 4-FIP*CIJI + FCP*CPC-P
IF(OPI(P( I OI*180?

8r~I 1)BP = 1).
GO) TO 1103

80? CAMCP ('POP/ (CPGP -I .987/XM%-GP)

I I G A~X lilA GP'PI +IAM IS G M(,P I

5flj rTURN
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CU LVI1 1~~~,(U7 s~'T PLA( I I AP .((~.$1( A3~~u '3 -

) P1) ( ( 7~ *'MI')I l V, 'C I CT0 A'I) ' 4 )CI o ( ( 1) l'P csWA 1
P. 03. 1C'I A ( 11 (37JL ) *A111 ,PI s* I a\3~ ,CFLP.) ( IArr1A 1

P TK *~A '( r'P( % 1('2l., (PV ) 071,1' W ( II%,TV P ) 3 9 XY 1 A ?( -- ___

? 10A) II.( ? ) Rii K ())'. .2<1 (, !t ( i3 'V . ( ( I () s-! I? tA(?LI)t~k

2 t I'p H') A: 2 7 ) ,VT 9 ;8 1, A)l ?I) ti N (A29 ) l ?)' (A ao)U&p)~~j
'I(A It~ -~PIAC I i 'A W V/f~ *4 ) * (1 44 1 --- IC -I( A 14 ) ' 7YI-)( A('5 X *

I I*W 73Y , (C %2 (( 'AS ,P C FL zL~ E4 PU)..tJA2(i1VP)JU X2 -L WP2)

A(C(4 Y. VffWP) 9((46).XK)P) v A( 5 X-.DLOS),(54b)PC),C~SiL

:T)((,SG, 111 (A )9o "rL,)?.TL)A(621 PUP) A 6 6) X,..V I i [(69)WV)s
I 7 VAPP I AC 7 1,v S V)i ' (92-LV )sA 1&XV

.1 y II Ivi I. i') I . V. p () 1 9X. WI
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I (C 160i WDCLS) 9 (C101 1 91LCPIIC2L102) -W CP2)s (C 11031 9vUCS) *(C 11041s

4(C( 114) oWDVP) s2C( I1, Ir2 9%VP2) .2(C( 1162 sWVS) 9 (C( 117) oWDVS).s (6 118) WVS
52) ,2C 1 1191 ov4CLP) s (C( 1201 *WFCLS) s (C( 1212 ) vWTCCF 9 (2C( 122) V~lTCL P) .2(C

6.231 WTCLA I IC f 124 1 WTCP I IC I2di.wC. I y * 2C 112& jWT JT C XI I11 ?71 WT
7R2.2C1128).WTVCFX2.2C(129),XF),C:2(130)sYCP),2C(131)oY(Ss(C(132C,
BYIP)t,C2'1%2y!S2,2C21342,YPVS.).(C21' .),YVP2,2C21346)%YVS2,2C(1?,,

19E& X1~f 1 14 tsGAA2G I - IC 1 191 GMA
GFQ2C IvALENCF (C (1411C,2)FLQGP) a(C (14?2.) 1 9 (143 1 DELOLP) t c (144
12 ,)ILOL-S )s(C (1452 1,DELu:P) s (C (1462 1 s LOWS2 .( '1472 ) DELT2 ) 2(C 148) 90L

.... 49f ,.... - D.2Lw VC'( I *IC CC I I 12j I I "Cl 'I1 5iI )FLVS2 I2 , i 2 I *XIuiL....
iF X 2 (C ( 15 11 XMIJ n) % f C (1542s ,R11OGPX ), ( V, 5) oPL S2) * 1C 151, 2 ,C ULPC

EQOUIVALENCE- 2C 157 1 virP) s C (158) ,C,;
EQU IVALENC (C 15 1 %TITG sKC(16 %qPI &(CLLLt~Z_ 1__ -- __

9011IIVAI FNrF itI S I2 u IL M (4 21 .VSTI t(232(3) oVrjI a '(B (4) OPUS)

I t k I I I1 .00P 1.1 R C12 .(lj~l45 I R I IC A3 I * c -l I

42l3C19I.CWSSI.2Mi2?OIC$,2O),I(3212,CPST2.CI1(222CACS,I)I23).XFGiWSI,

6Ct3228ICFL.WSC.I(9)I4S~i,23)CLIIC312.TF,2,IC32oXM~WCS2,
7(B311 9 KC i h(it S71 XMtC2, 19 B 141 CPCs (H 145 *)HLCLS I

9(t3C6?),CKSVC.2B2(66),$trTV~II(27n).XKvs((C4lsXMUVS)
EOUIVALENCE(78CPVb~(i,82,,HAPS,.CBS62.XNLS).(IoX14ULS2,

1 ( H(943 1 BETLS) v 1231981 .CPL .s I Ill99L L&ULZ" 14 d"(30
229(OlICLS2.C812VDLUS)CN216,S(Gl,2HC1102,ALfS.
3(AC114),ZSC,2M2118)rZSDV,2P(122)He.2.2R212,),TAWS.

TTvCTGP +IPT61/2.

DELTFX a Ar.SFITGP -TPTGC
XF - FGiq2PCF a CF(GWP
CALL HT SP T

CALL TAIMSTDHAP,1)
CALL TARSC'TTAWPv157I
WDOUP 1! CPTU*SPT(lAP~ltPT-mAwRI -

C WALL NEXT TO LIQUID
TT! a ITLP + T2PTL)12*

- - ae~Ib Y- ? PI

CALL TABS(TTsXKLP1ll3l
CPLP 4 CPI.P1 + CPLP2*TT

RHOIP a CRLPI + CRLP2*TT
CAL. TAFSCTTCRETLPo1211

IXMULP*XKLP2I *OXFLWP
ODL8IP a HF*SPTLO(TLP - ?P!L)
00- O(oL.CaOOPT 3010AP111*01C -ZAWPI __________________

C GAS TO LIQUID SURFACE
TY a ITOP + ?LP)/2&
Dc- ZLFX - A PcEA*G - _______________

XF - XFOLP
CF a CFGLP
CI- HTSPI

CALL TARSIVGPeALOP91411
ODGLP a HF*ALGP*ITGP - TLPI
00.110.
END
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SUBROUTINE HTSPT
COMMON AsCiE
n I M N- 0 W A( I3I % 14U 3 , a ) I-)
EQUIVALENCE IA(1(.HUJNNU),(A(21,PLIQ(,(A(3,,TI),CA(4) ,VPTl,(A(5),VG

3INK),(A(17hOPPCP),IA(lB),DOP),(A)19),CDOPtCA(20).PR),

6(I1) .CPPT) ([12) ,CACP),( At331,CHCI (At 141 CDT ),(AC 35)9FW~
7(A(36(,CFGWP).IA(3'7).XFGLP),IA(38),CFGLPI,(A(391.XFLWP),

9(A(45).KMWCP),(A(46),XKCP1,(A(5OhtXMUCPI,(A(54),CPCPI
EOUIVALENlCL(A(58tHILCLP),(A(62(,CPCLp)gIA(56).X4WPV),(A(67),ppv),

31 A(lt)) XKI I *(At 104 ,XMUII (At1081 *CPI , IA(112 I XKLPo

lit At L'bt CRLPII. (At 127) CRLP2I e(A! 128') ACC I eAl 132) ivDLUP I

- ___ 7(k,2%.HPIlrhII&,AWPl

EQUJIVALENCE(C(1)SCCP),(C(2),CF),(C(3),CPGFXI.CC(4,CPGP,(C(B)CP

7) ,NCLS) .(C13)uHVPG7) .(CS8) ,HSQ (1 C(39h(C9iFX). C(0%FbX

.. A.t.Ij.LWL'k&tj1.2LjAC!&if,XLLwGSI.(XMWGS).XMWGSoMWG6tCIC!)sXMWPV1L
9).IC(46)XMWVP).(C(47)KMWVPI,*(Ct4elZMWvSI.(C'.9*XMWVS1I
EOUIVALENcF [C(51),PIPI ,(C(52),PIS),(C(63) .RHOLS).(CI

3tC(64IQDc1W~l,(Ct65),UDLOP),tC(e6),QDLOS),(C(67n*UDLPC)(C68,QDL

5.QD ft(tC74IQDPH),Cf~l7,QSPC,1(C7?6,QU~h )9l.17?loDS6CllCt7
fiCsQWPl,(C(79sQDWS')% )CCOZ)*5PTLl6W4)3
7) 9ST~LL. s K(84) ,Tl-t185 I.O.ECP tcir116) t-TFClILL.CL8&7 t-TAiSI LC I..~

-~~ -lr.AE~ tut9i ror i
IICIIOu),WDCLS)IC) 1OI),WDCP),(C(102),W CP2hClC(I031 sWUCS)o(C(I04)#

52),tCIll9),WFCLP)o(CC12O),WFCLS),IC(121,wTCC'l,(C(12?),WlCLPIICt

0EQUIVALENCE (Cl2412jDELOOiP),tC(142),DFLQOGS),t(C1431DELQLP),(C(14I.

EQUIVALENCE 1C(1I7),#trP) %lCCI1s .CS)

6CBt28) .CFLW$),Ck~gzg)I4MS),(BI30),HCLS'),cuI31,,TF5),1tt(321,XMWCS),

7-60



RTD-TfR63112
3

2(H(1C1)hCRLS2),IB(12),VDLOS)(B(16)SSTG)((110jAL3S~,

3(I3114)*,S9(8(118hflZSFDV~,(B(122'),HASjotB(126),TAWS)

91 xmwvp1 0.
BETVP 0.

92 IF(OPVDP) 93.93.94
93 xmwvp1 XMWPV

-g %F 1- 1

r,( To 95
94 CALL TAHSF(TToCKPV,76)

I +,CP*V!L! ~
CALL TAR.;(TT,BETVP8(I)

95 xmwGFX YVPI*XM.ThVPI + YIP*XMI11 +YCP*XMWCP

F!PFX 1. - FVPFX - FCPFX
PCP-MWGF!(10'3'X

CALL TAISSITToCPVP%921
CALL TAHSI1TCP191091

CPGFX a FVPFX*CPVP + FCPFX*CPCP + FPFX*Cp1
CALL. TARSITlXKVP8,)

C'ALL TAtiS(TY;XKCPt47)
XKGPX s YVP*XKVP + YCP*XKCP + YIP*XKI
r~ii ?AR~fT.aMUD.A*&L

CALL TARSITTXMU1,1051
CALL TARS(TXMUCPsdI)

-- -- IXMfGF-L IYUD*VMIIuD*--DYRTFImwubil + ~*MiD~lTt~tp
1YIP*XMUI*SQRTF(XMWI)1L4IVVP-SRTFIXMWVP.) + YCP*SURTFtXMWCP)+
2Y!P*SORTF(Xt4WI ))

pprE a VefD4kETUD 4, IVFD *. vDej.
HFMXKGFX*CP /DPT C DPT**3*RH0GFX**2*ACC*BAETGFX*L)FLTFX*CPGFX*.O3108/

1lXMtUGFX*XKGiFXI 6*XF

1-61
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r ~FIPfATO)N PRIMAR.Y TANK-

SURROUTINE EVPT
COMMON ACB

EQUIVALENCE (AUI) RL)iNNO) ,)A)2).PLIQI(A)3)sTl) I(A(4) sVPT),(A()VG5
1P) tIAI6)v,F ),(A(7)tTCP) (AB) ,TLPI ,)A(9) CPUI(CA) 10) ,ppL),(tllI),

4(A)211,TRP)s)A(22),RHC'R),)A)23),AV),IA)24),C)V),CA)25),CPRI(,

7(A(36),CF6,WP),(A(37IXFGLP),(A(381,CFGLP),(A(39,XFLWPI,
"(.4 )A L.C ELWPJ.(AL4AJ - (~A~LC~4L&~~.LJi A.,t I____

9(A(i.5I.XMWCPs(I461,XKCP),)AI5OktXUCP),)A(54),CPCP)
EUlvALENCE)A(58).-LCLPo(A)62,tCPCLPI(A66),XiwPVI,1AI67,PPV),

I (A (71) 9 CVAPP ) i(A 175) C KPV ) 9 1A(79) SETVP )(sA (83 , XVP, ___--

?)1A (87 1 .XMI VP) (A) ( 1 ),PVP 1 ,( A) 9 4) I IVAPP) A 4(91)) *X)VW II
3(A) 10;) ,XK' ) ,A)104 ),MUl) (A) 10t)t CPI %(A) 112),XL
-~~UALL1L4-~JMU1U- (L) 12 Z-LLLP) i AA-IZ?-U sf PLP 1i- A( (2-5-LI C(tLe2i, _____-

5(A) ?126 ,RLPI I,(A) 127) ,CRLP2.) ,(A) 128) *ACC ((132) IVDLUP)i
6(A) ( 1)#SPT3O,(A(140) ,AL(;P , (A(1(4), ZP ( * () 14) ,(ZPBDV)o
7(1A [15 2 ) HAP-L,)CA 1 156) s T AP)---------- ______

15) s .r)) % L) i C ) 1 CPLS. 9fVR K(89LC) s C .vAl)( 9 )AW k 10H~) s )PBU ) s

7),()SCLSIl(37)HVPCI ,(C)38)HVSCI,)C(39)XKGFX(, Ic(41

9),IC46XMWVP),1(C47)KME%,VPlIIC48)XMWVS))C49),XMWVS1)
EQ1UIVALENCE (C)52 ),PIP)%)C)52)o.IS),C(53)RHOL,),)C(

3(C(64),ODGWS).)C:(6b),UDLOPI,)C66,QbLO),)C67)UL)LPC))C168)QI)L

5 *DPR 9(C 74 * DRWH )) sC (b)IUC ) C 7%) USR )s K (7 7 o USSC ) IIC (7
68) ,0)WP ) sC (79) sU(PS) o (C(82)%SPTL) *)(k)3
7 )_9SSY L 1 ( "1 tT ) t(C L~,lj=".-U8 6 Lt.E.-CAuiLjafl,"2 Iv (C 1881 oTP

9(CI94)*VLP2)%IC9S,)sVLS2)

2W CS I .(C ( 105 1 #W GF0*),(1106) * W I P Is(C 1 M7 ) sWI P2)IC I 108)1vW1 1wS oC( I

QEQIVA4LENCE )C1'.1)OFLQP),IC(1'12),DELS))C11),DELQClP),II14

ERoUCvALEMCET (C(1x37I4CP),I158F),CS13)eYPo~lloC)(I3
_______ jQ Cj(yj3JjjJI.1i, T(1) . (C) ( ) 5t)LtiJVk)±(C136i. - -(17)

EQOUIVALENCE C(1),SLG~i14DLO),)BIZ)vsT),)8(,.VGS).((A),PGS)
1(),!G&),SI(B)64)TLIB1),I3ElPP),(B)8)S),)B)94),VLL),((4)

0) vAL NC t 117 11 s CP ) s (C ( 1),~ 81 13oWCCS)

181Q~jAjt4-E J,1UwF1B9pPTtj i~ih~j .G-LC.Lb, .xFwZ .

6I8)28),CFLWS).)3)129),Rms),)E3)30),HCLS),)8)3l),TS)siH32,XMWCS),
7)B)33),XKcCSI)I3137htXMUC5IB141),CPCS),)81445)HLC.LS)s

F-62



loon wJ0vp a 0.
HVPG a0.
HVAPP. u 0. --

GO TO 1099
1003 WDVP - FVP*(WDBP + WDCFX) +. XMWVP*VDLOP*YVP*PGP/l073T(P)

-- --- (LL1NTL( TLP TPa TT C PVP t9 2 9 MVP tAI
TT - TOP
CALL TARS,(TT9HVAPps961
TT - TraP
CALL TAhS(TTiCPVP992)

1090 RETURN

END
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-c-elmRilslinAM RRP1UaIy Tht.V ____

soUiROUTINE CRPT
COMMON ACH

EUIJIVALENCE (Ati), CINl'UCA2)sPLIQ),CA(3CT1 C.CA4) VPT),CA(5)*VG
IPC,(A(6CPGPCCA(7),TGPC,(A(8),TLP),(A(9CCPUI,(A(1CCPPL),)Allx2,

3PTNKCA(17)OPPCPCA(18DOP)(A(19)COP,(A(20),PR),
4CA)21C ,TRPC,(AC22) IHiR),A(23CAV),(A(24ClV) ,CA(25),CPW1Cl

6(A(3I1CCPPT2,CAC,2)CACP,(A(33)CHC,(A344C,C8)T.iA(3)XFW~
7(A(36CCFGWP),)A(37X'.F,LP),C(AC38),CFGLPCCA(39),XFLWCt

9AC45CXM.WCP).(A(46t'KCP),CA(50CeXMAUCP),CA(54CCPCP)
EOtIJVALENCF-A58iCHLLPC(AC62),CPC(LPCCA(66),XiA1'YVCCA(b7C.PPV),

2(AC~t7CgXMU)VP),(AC9,)(PVPIA9)~iCVAPP~ogCAC99),XMWIC,
'A(AC 1')C *XI)C IAC 1"41,'MLIC) (AC Ir8C .CPI ,CAC 112) ,XK.LPC

%C[ACI?6C.CRLPI),ACI?7),CiLP2CCA)128CACCC,(A(132*VDLU'C,

EQUIVALENCE(CC1CCCPCCC(2),CF),[C3ICPGFXCCC(4),CPGP),(C))CPG
15sC(C)oCPLP~olCC7)%CPL)tCC)BCYC)(C9tL)i-ItiDT)C(10)DPtUDT)i

3p),('CC16CFISC,(Cil7),pISFX),(CC1),FCP),(C(19),FC-SCC(t201§FCSFX)

5olC(26.)tFCP F&),i(-C2LFtefI,1IZ&LUfM~FPFX A(C129)tHCPs(C(1O1HC)

7),HSCL,)iC37HVPG)I' c38)HVI G1(.C'(919XKGFX,,IC4
~~I(CCC451XMWPVI

9)$(CC46),XMWVP).(CC47CKMWVP1CCCI48C.XMWVS),(CC(49lXMWVSlI
EQUIVALENC': (C(51).P1P~C(5CC2),P1lC(CC53),RI1OLS),(C

3(CC641.ODGWSC.CCC65),UDLOPCCC(66CQDLOSCCCC67hQODLPCIIC(68),QDL
C~jj9 CC CC 

7  
W~j t*CCC71C ,QD6WAC CCC72) PU~(RC iCC71J

B,)nPRCIC74),QDRPR.CC(751,ODSPCCCC(76),QDSR),CC(77),0OSSC),(C(7
68COC1WPI o(C(79)%GD'd5)9 1Ct62)sSPTLC,(C(83

BTC.'C.CCC8,TSTG),(CC90CTSTLCICCC91CTT),(CC92),VLPC.(C(93hVLS)
9CCCt9419VLP2)s(CC95S*VLS2)

2w C5210.cCC1o~lW GS)IC(t06),WIp),IctlO7h0WIPZ),C(eo8)wzsIEcI

4[ICI114),WDVPC.(C(1151hVPZ)(C116)WVS,C17sotJvS)uIC(28),WVS
52),(CC119)C,FCLP),(CC1201,WFC6S)s(C(121)oWTCCF)s(C(122),WTCLP),iC(

7R),(CI12SCWTVCFX),(C(129),XF)91C1130),YCPCIC(131)oYCS),(Ctis2),

OEGURVALENCE CC(141),OELQGP).IC(142).DELOG&C.(Ct1A3I.DELQLPI,(C(14
IoDELOL5CCC(145CDELUWP),tC(146),DELQWS),(CC147),DELT),(CI1IS),)E

3FX),IC(153CKMUGSl,(C(1541,RHOGFXC.IC(l5b),PGS),Cii56,RHLPI
FOIJIVALENCE (C C157) ,WCP)ot(C i8) WCS)

EQUIVALENCE(iCI12,SLIU),(B(2),VST),CB(3),VGS).li8I4),PG3)9

31 BC1* .PPCSI. (BC152 ,QSI8( 161.CDOS) ,(BC17) ,DST 2.(BC 18) SIT)t
4lBC19CCWSS2,(B(20),CSTO),(B(?l).CPST),1R(22)sCACS)g(B(232,XFOWS),

7.64



RTD-2DR-63-1123

7tii(33) XKCS) t(B(37) .XMUCS2 utB(41) ,CPCS) .IB(45 ,HLCLS~.

9tR1b21 .CISV tI8I66) tBETVS),LB(70.XKVS)tB(7&)XMUVSI
EQUIVALENCE B(7 8)s ,C VS)sl( a 2 HV P)s(8)oX'(LS)9B(9O)sXt4ULS)s

2IB(lO1).CRL521,(B(102htVDLOS),(B(1O6htSST02,(B(110)ALGS~i

1101 WDR a 0

QDSPc 0.
ODCLP *0.

GO TO 1199
1102 WD a (WDR WDR/RMP)

a~P wnflI' P'i
WDCLP - WDARCLP
ODRPR a ICPRI + CPR2*(!R + TRPI/2*1*WDFR*CTRP-TR)

CALL INTGtTR9TFPsTTvCPCP.f5HCP$A)
QDPR a ~IWCP + WDCLP)*HCP + DRPR + GDLPR

CALL !NTOj(TRoTFCPsTTCPCP955sHC ,A)
TFCP * R + QDPR'ITFCP - TR)/(HCP*IWDCP + WDCLPII

CALL TABS(TTiHLCLP*Sg)
CA -AII -
QOCLP a IHLCLP * HSCLP)*WDCLP
CALL INTG (TRoTGPoTTsCPCP95§9HCPsA)

ODSPCmQDPR-W0CP*MCP+WDCLP I HLCLP-HSCLP I
1199 RETkURH

--- SAI
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- TIMF I NCRTCl'NT
SUq(R0'11 INr T INC
commON A*CP

Coil VALENCi (AC ( I 1**:I1IJ.' iCo ( .121s'L IQ ,A I 'i ,911 1 91 t-14 ) sVpl I I, I CI, 9V.-
if') ,CAC(6C ,PSjp1 , AC7* o I~,' CAl1 I , TLP 1 1 CAC( C' 1 ( 10 )C OPPCLI 19, 11 %il
2PPH) sCACI.2)oVLPL)o(A(I3),1.JPVD)P1,L At14),1 sU Ci 3 911, %-P i.ICI( L

&CACIl) C CP PTC ,I sA 1r1 eCP I A1 C3( .C.CC Ct.(1'4 C rl I XFCF

? IAC'I),CFGWPI o IA1 7 XFLP s A 3P ) %,F Ll') I A:1 '9 ) exr1.0)
RI(40 I CFLW1 9(,AC411.okMP) A 42) ICLP sA43 I FPIi11.ttCC I "A
9 (A(45 I XMICP) (pA(46)sMKCP) 9CAC ('0, XMCF 9,AI (1 CCll)
FUCCIVALrNCCj( ACI5RCI ILCLiC ) 9 U621 rP--Llp) a (1,C1 X .C,'VC.(C67CI lC.

I A(71 v CVAPP)1 CAC 1' P) CKPV s C( C79) o!C.TVIC I * CA ILI)C -Xr.V,
C, AC87 C XMICVPI s CA ( 91 ('.['Vrl I. I A(,," I Il\t. IP I t A (99) X* K qIw s

3 1A( 100 1 XKI I. AC(104 C 1 ICA OB sl *oCPI C .11. 112)o,8KLiPC
4CA 116 1 oXMULP ) IA 11 I I kL P t A 112 4 )&C L'1 ).A 11 51 C i-o - - --

6CA(1*461,SPTCCCA[140AL,P1,CAC1A4),ZPCCAC148DZPr.DV)I
7fAC152)sHAPIAl15b,TA4Pl
EOUIVALENCECCC1CCCP1,(C(2CsCFCCCC31,CPGFXC.CCC4CCPC,sCCBCCPG
I S) CCC6 aCPL P 1 1C(C7 1CPL 5 (CIB) sC YC ) iCC9) ,MCD! (C 10Co)DP 0 0 1
2(C(C11) .l~1TC&W.Uj4..C-1l~ALLZLCAJ-JLI .aDV0Q~LlsI I Qhl
3pCCCilb),F1S),C(l7FSX,CIB)FCP,C[9ICS,C2lCSFCC

5-s CC 26 1 aF COF LCC1,ELJLCLIM.P -.LZ2i-kLI, I ( 40 .1uJ'iL
69CCI31),MF),ICC32CNS),C33).HGP),C34).C41),Cr(35,hSCLPCCCC3,S
7),MSCLS),(C37CHVPGsiICC38)oVS)C9)XKiPXo ( C1I4

9).(Ca6C*XMWVP)s(C47)sXMWVPl1CC48oXMWVS)CC4)CoXkiWVS1
EQUIVALENCE CbCP~,C~)PSCC3,4u),(

4 541 -&P T-P 144-= " 1.&ZI I b I, I s .3CLP ),, CC L 5 1.~WLL C(11U LWI4QLP.a.rCI
2 59 a0D GI.SCC.% OC,1C00 sW~ P I IC 16&I ,; DUOS Io C(6 2 ) QS) sC(6 3 1 #QGWP )I
3(C641,Q1DGWS),(CC65),U)DLOP),CC6),QDLOb,),CC67),QDLPC)sCbIQL)L

11, , r ~( 01 31) Q-l,.rI ,b.IIl. II - fujnlfg .Ljzj-

68C.QDWPI ,CCC79)oQDWS)# (CCCB2IPTL)sCC3
71 ,sfSTLAJ 1A41 0If!CCR t ASI FCPC I
*1L),[I59),TSTG).CC9C),STL1,CCCI91,TT,CC2)VL1'IC'ilVL5~
9lC194C .VLP2)slCCCVI)oVLS2)

2W CS2) ,(CfICCI)*W GS~tCC16),WP)C(l7)'.1112),tCtlOS),,dClSC.CCC1

4lCll4),CVDVP),CC115,),WVP2),(CICCbi6)wvsCCCC117CIOVSl,(CCiltwV
52),tCCIl9),WFCLPC9,CC120),WFCLS),~CL(121, -jTCCP).(Cl22),WICLPC*lCC

7R). CC125),WT VCFX) , C(129) ,XF1. CCC130) ,YCP). CCI Ils~YCS) a CCC 32la
aYtP),)CC133)1s~,C:Cpl34),YPVSICC135CtYVP),(CC136).YVS)o,1CI371,

-@ Tj x 91 I lr~

OEQUIVALENCE (CCC24l).ELOGP) mCCCI4Z.oDELOOS1,(C1l4)DELOLPI,114
11,DELOLS),[CC14IIDELQWP),(C(146C.DELQWS),tC[47),OLLTflC141'.0 .DE'

3FX), CC153) ,XMUGIICCC 154.) RHOX) , CC155) ,PIGS2) , C156) ,ftMCLPI
EQUIVALENCE tCCII7)sWCP)*lCIS81,WCS)

EQU1VALENCtill,-SL1O2,ItCC2),VsT),CBC31.VOS).CBCf*)ePrjs)
1)Bt5ITOSCCBC6),TLS*).C5C7loELPPSIC5CU).PS).CbCg),VLSL),

4AC(1l)CWS),C8C20OhCSTO),CBC21),CPST),CBC22),CACS),CBC23,XFGWS)i
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6tB(28l.CFLWS~tti(29jRMS)(B3),RLS),CBg31hiTFS~s(B(32),XMWCS)s
7CBt3,3)XKCS.((37. MUCS.(BI41)CPCStIAI45hHLCLS)i

ECUIVALENCE(Bi(78)sCPVS),Bt82),HVAPSh(81(86),XKLS),(BC903,XMULS)i

1201 DELT -CDT
GO TO 1291
IFI--W.CC-4--203t 120-L- 12O.____ _ _______________

1203 PP - Pt.
Go To 1205~

1205 CALL TAHS(VGPoZPIDVo1491
flwgmI - WDCP -WDHP - V!UCFX
DVBDT - VDLOP 4 UVJKL

WCP2 - WCP - FCP*(tWDBP +WDCFX) +wDCP
DM80TY * wrD R2ljIw~ijVMIjI 4 Wt~jvmw *W

DTT8DT a tOD.SPC0DLPC-QDCLP-Q0bWPODGL.P-WV0VP*HVPGjWJWP) ,'(Wt.P*.P( P)
DPHDT £DT~bLJT*W(GP1073/(VGP*XMWGP),DWIBDT@10.73*TGP/(VGP*XMWP)

2*VGPI
DELT2 ml PP-PGP-ACC*RHILP4ZP /'.33 * / (DPBDT.0ZPBDV*VDL0P'ACC*RHLPi'

IFCOPVDP) 12069 1206. 1207
1206 DELT 2 DEI.T2

1207 IF(DEL72) 1220#1218012075
12015 RI4OLP aCRLI1 + CftLP2*ILP~il-1 %AtD -R f[ T3'"k UDr 45JO (to iJb*

1
itI

IF(jVAPP) 1208, 1208o 1209
1208 DELWVP a 0.

00 TO 1210
1209 WVP2 * CVAPP*PPVOIVP? VLP2I4XMWIVPI1O*73*TGPI

MR- rwuD 0 WU05 - WulD & Ie IieiwfpcD

IFIDEL.WVP) 1208o 1208. 1210
1210 VLP2 a VLP? - DELWVPIRHOLP

Mgt MJ9 . onoo£IUID - VIhA*J~ll

VGP2 a VPT - VLP2
biIP2 a blIP - DELT2*FIPOIWDBP + bIDCFX)

WGP * bVP2 + WIPI + WCP2
OILQGPmOELT2't0OSPC-0LPC-0CLP-W0tWP-OULPI -LVP'HVP4-ULLOWP
NO 14A -WIA2*tDpf -wVD9*VD 4 wt92t03
TGP2 a TGP 4 DELQGPMHCP
TT a TOP2

XMWVP a XMWPV#I1. +*t.SORTF(le + 4 CKPVOYVP'PGPI1
XMWOP a woPt1wvpa/xAwvp + WtP2/xl + wcp2fncCp)

CALL TAS(VPo ZP. IM11
PTP2 - PGP2 + ZPORHOLP*ACC/4633o

VLP2 - VLP - DELTS*(VDLOP + WDRi(RMPORHOLPI)
IF(CVAPP) 1211. 12119 1212

WVPZUWVP-DELT3*FVP*(WCBP4WDCFXI
00 TO 1213
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DELWVP a WV2- WVP + DELT3*FVP*LWDBP *WDCFX)
IF(DFLWVP) 121191211% 1213

------41 VPa -4 LP2 - DE1 VI ID p2-AW1-l
DELOWP a P6P*(VLP - VLP2**1BS

WCP2 a WCP - DELT3*FCP*(WOt5P +4 WDCFX) + UELT3*WDCCP
W6P - wvP2 + W!P2 +4 WCP2
lir - n~w T3'l5P-~' K LW(.C P'WI -L 21,-.III )"p~ wVLp4HIL.IiIcw

HGP a wvP2 *CPVP + WCP2*CPCP + VJ1P2'CPI
TGP2 uT(GP 4 DFLOGP/HP
T.Lta TrAP2
CALL TARS(TTs CKPV, 76)
XMWJVP *XMV,.'V/(l* + 1./S(URrF(1 + 4,*CKPV*YVP*PGP))
XMWGP * WGP/ IWVPZJXMW-VP -wiP-2JJel4 .tIiWPJib4JCPI
PGP2 WGP*10.73*TGP2/(VGP2§XMWCN
CALL TAKSdVGP, ZP, 14!1I
x2-T3-FRLZ±.2aukk4I Pt*AC CI&~A Al-

1214 DEL? DELT3 . WELT2 - DELI3)'IPTP3-PPl/(PTP3-PTP2)

1215a DELT Dt.T3(PTP-PP)/lPTP-PTP3)

126IF(K-41 1229,19§,217

MC -0

K~ DL a I

GO TO 1217

1217 K a 0
1299 RETURN

I?148
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SUROIJINFNCPT
COMMON AvCsfi
DIMENSION Al t320) ,B113.0.ECt4_8O)
EQUIVALENCE (A(1hgRUNNUC,(IC),PLZQCIA)3),TI ),(A(4)sVPT),lAl[I ,VG

3PTNK)i(A(17)sOPPCP),(AC18),DOP),CA(19)CL)OP)I(A(20)tPR)g
4(A)211,rRP)o(AI22),RHQ'R).IA(23)AV),)(A(24hoCDV)sdA(25ed, 

l) I

6(AICPPT)(A(32)CACP)(A(33)CC)(A(3&)CT)(A(35dXFGWP)v
7(At361,CFGWF),(Al37),XFGLP),(A(382,CFGLPhC(A(39),KFLWP),

9(A(4,1XMWCP)(A(46)XKCP)A(50lXMJCP)(At54)sCPCP)

EOUIVALENCE(A(58),HLCLP)(A62t ,CcLPoA(66,%Xl-w-PV),(A(67),PPV1,

31()100) ,XKI C.(AC 104) ,VMU! C(A) 108) .CPI ) ,(A) 112) ,XKLP)9

6((3)STt(A1!1I 0MIAMFA~ A4l_.AIPi* , A' 1 48.IAI _______

EQUIVALENCEIC(UoCCP),IC(2),CF),(cc(3),CPGjFx),(C(4),CPpl)(C(5)CCp

4*(C121)*FPVS)t(C(2219FPV5IFXC.(C(23)sFVP)9(C(24loFVS)o(C(25)oFVSFX)

7).sH$LSl ,)C(37),HVPGI .(C(38) ,HVSG).(Il39sXKjFX~i IcC'.1

9),CC(46),XMWVP)s(C(47CKMWVP1),(C148),KMWVS),1Ct49),KMWVSL)
EOUIVALENCE (C(51),PIP),(C)521,PIS),CC(53),RHOLSlotC(
1fh.) DI.TR ICI 'AATPS ( CID If)r3LLP)_,lIA71 ()BCLS) * (CIDA) &UDciLPaI (Ci-

3(C(64).0DG'4S),(Cl65),IODLOP1,CCib),DLOS,(C672,L~PCh,(C(68ULL

5,QDPR).(CC74),oORPR(,lCl75)sGO5PC),gC(7&),QDSRl,(C)77)sQDSSC).(C(7
651%ODWP( .tC(791.ODWS)v (C(B2)sSP'LCIC(S3

8TL),tC(89)sTSTj t(Ct90).oTL) ,(Cl91u*rT)C92 ,VLP),I (t93)1,VLS).
91Ct94

1
9VLP2)s1C(951pVLS21

4.1ll.),wDVPCCC11)WVP2)tCll&I)WVSC117)WDVS)C(118s)@WVS
52)l.CC19,WFCLP)C(2O)WFCLIC12)WTCCFi,C122WTCLP)C

7R).1CC1128,WTVCFX),lCCC29*XF),(CCC30O*CPCCe1311,YCS),CCX2),
SVIP),(C1133),YIS),lClI34hYPVS),(I135IYVPl.(C(13e).YVS).(C,1371s

QEQUIvALENCE tCC lDLG~o~!29)LOStC13oDLIIt(4
lCDELOLSl9lCC145),OELUWP),(Ct16),OEL.QWS),(C(147),DELTl.CI148,DE

EQUIVALENCE 1CC157CWCPI.CC(1581*Wcs)

EQUIVALENCE fC(165)*WPTG),CC(6)owSTG1
EOUIVALENCEtBtl),SLIOotC(2,,Vsr),cB(3),VGS),tBg.),oGS).

2CB(OlOPVDS(BC1),OPIS),(E112),OPRSCC8(31.OPCS),

BC624C.CFGW),sCB2IXFGLSIB(26CCP.S),CBt27IXFILWS),

6(B(8)oCL'IS tlB29)*MS~oo(1-9 )(B3 )TS)((2 oXIC
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EQvIVALLNCL(U(I7jsCHJVL I (HI R2 I HVAPSA 1, A * XKLS I, (RI gfl!XMUL%)
1 (80C4 ) *ETLS 1(11(98) iCPLSI) 9(B(99) %CPLS2)(Bt 1019CRLSl It
2f((1,I CR$521 v (5102) VDLO I (R( 106 ISSTG) s (8(110)oALGS) o

I a T + nELT
CYC - C.YC + .5

-- -- T a -TLP - --- _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

CALL TABS(TT*CVAPP*721
RHOLP - CRLPI + CRLP2*TLP

* ________ L -?3jLP - DFLT*(V[OLUP t WI)R/IRMP*RIOLPI I
IF(CVAPP! 1301o1301.1102

1301 DFLWVP 3 C0.
WVP - VVP - 0EL7*FVP*(WDIlP + WDCF-XI---------------------
GO To 1304

1102 wJVP2 CVAPP*PPV*(VPI VLP2)*XMleVP/I1().T3%TGP)

Irjrn.wvPi 13,ko 1',jid3C(

V02~ a VLPZ. -DLWVP-/Rk0aLP ____

1304 DELQWP m PGP*(VLP -VLP2VeI.185
Vi P a VI~P?

.----- L -E--V,PVR;I"' - -

DELOLP a UELT * I ODCLP+ ULPC-ODLWP+GDGL ') - DELWVP*HVAPP
TLP is TLP + DeLOLP/(WLP4ICPLP1 * CPLP2UTLP)I

--- NAHOP a CRLP"-1*Pl*T&.PV
VLP a WI P/RHOLP
VOP a VPT - VLP

CALL TARSITTiPPVs68)
WI IMP - DELT*FIP'(WDBP + WDCFX)

..-- WCP V- WC -!ET!C~kaP+W~ - lr WC
WGP a WVP + %VIP - wcp
FVP a WVP/WOP

FTP - 1. -FVI3 - FCP
WFCLF (WFCLP*WLP + DELTOWDCLP) dWLP

WR % WYR 4 DELY'WDR
WCP 2WTCP 4DELTObIDCP

-CAI L&Sf DTF'-I%'

WPG? a 'W5P4SPTCG
TPTG a (WPTCBTPTG +(WIPTG2 -WPTGI*1P'TL *DELT'IUOOWP -UDiGUPI/CPPTII

WPTG a WP762
SPTL a SPT - SPTO

TBII a~~R eelp. bt I It r bg Yocw b?

DELGGP a DEL T* I QDSPC-UDLPC-gDCLi -QDSj wI'-QDO.P) I L~P*Vf-UL
HOP *WVP'CPVP + wCP*cPCP + wdp.CPi

IIFFPI 1305,130SM06~
1305 XIMbVP a le

1306 IF(O0PVDP) 13107,1307.11
1307 XMWVP 3 XMWPV

1308 TTa TOP
CALL TABSlTT*CKPVs76)

1309 KMWGP 0 WGPI(wvptxmwvp + wIp/x~wl + wcptx#4wcpl
CALL TARS(VGPoZP%1451

'-70



YvB * FVP*XMWGO/XAWVO
YCP *FCP*XMWGP/XMWCP

wt -1 $~09 -xcp
PG WGP*10,73*TGP/IVGP*XMWGP)

PTP PGP # ZP*RHOLP*ACC/4633a

RETURN
END
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C mw Co'flDTI'OMS S (oNDAIRY IANK
SUBR~OUTINE NCST
COMMON AsC,5
IMFNSION A~~4a4a(&v
EOU!VALFNCE IA(1hsRUNNUl,(A(2IPLIQ),(A(3)gTllh(A(,V)ls(A(5) VG

3PTNK),(Af11IOQPPCPl,(A(18,EOP),(Al19),CDOP)gIA(2O),PR(,
4A(21(,TRP)s(A(?221RHL'R),(A(23),AVtA(241,CDVkI(A(29),CPRIj,
5WA261 Cf2 ~___
7(A(36lCFGWP),(A(37),)iFGLP)s(Al38htCFGLP),(A(39).XFLWP),

rzuI,VALN('NI(A(BI,iiLCLP),(A(62lCP'CLPl,(A{66),Xi1WPV),(A(67(P~vl,

1(AI71I .CVAIH( l I 17t~CKPV),(A(791l iLTVPl.LAl3).X4Vl-(~
.'(A(R7 ,XMikVPI *(A(4(1*(PVP) .1A((')I *IoiVAPP) *(A 1991 ,XMWI)
'A(A( l( l *XKI (t(Al 104. XMklJI*( AC108) *CPI I(A( 1121 *XKLPs

6(A(136),SPTG).(A(140).ALGP),(A(1441,ZPI#(A(148),DLPBDVko

FQU1VALENCF(CI1).CCP),(C(2.,CFI,(C(3),CPCiFX.),(C(4),CP6PI.(C(5)oCPO
1S) (C161 ,CPLP) m(Cl 7) CPLSh( C(S) uCYC IC(9) i)tONTIm (CllOlD PbIDTI

3P1, (C(16 ) FSI,(CI 171,FISFX I (CI 1SIPCPI, (CI19r ,CSI, (Cl 201.PCSFXI

7lmHSCLSI ,IC(37liHVPGI ,(C(38IHVSG~i(C(39).XKGFXI, (C(41

881OI(ECE710W1 I(1PP)(52PS(CI5lIPYL) (CIb

91C(941*VLPPIo(Cf95)*VL',21

52I, (CI 191, W'FCLR I, CI 1201,WFCLSI, ICC121IoITCCF I ,(CI 1221hWTCLPI.(C

SYIPIIICI 3) .YtSI,(CI 134 IYP VSI, IC( IS~VVPI, ICII3.I VSI, CI 137),

QEOUIVALENCE I1'41I DELQGP),ICI 142),DELOGjS),(C11431,DELQLP)IC1144
l),OELOLSI.ICI145I1flELOWPIICI14SIDELQWSIIC(147),DELT),ICI148),DE

3FXI.ICI153),XMuGsiICI154iRmOGFXI*rCg1553l,S2IogCI256IRxOLPI
EOUIVALENC'l (CI 117 IWCPIIC(118IsWCS)

EGUIVALENCE (C(1O2IlbjJySI(C~i63),XMWPVS),ICI164)PWTCCFXI
EGUI.ALENCE (CI1SII*WPlf3.(Cf166)owSTG)

1(511 1~S , 13(1,LSIIL(IIDELYPS1I (182PS) a(9(91 ,VLSL I.
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5IB(24).CFGWS),(RI25),XFGLS)s(B(26),CFGLS~,(Bt27),KFLWSl,

7tB(331.XKCS).[(37XMUCS),LBt41l9CPCS),CB(45),HLCLS2,
BLR(49).CPCLSIIR(3)XMWSV).(B(54),PSV),(B(581,CVAP$)s
9( I. &1t2Aj..CK5V , I R( A RTY_, (R I7n I XXV't I, I RfILI XMUVA I

____ (~atIiI rR R , IRI I Z-LyDOLQ~ RI IRtm~STA I a(Rf I QI A[ GR I,

TT a TLS
-tALL-Aa&U T-aCVAP 5SRC)._ -.

RHOLS a CRLSI + CRLS2*TLS

WVS -WVS - DELr'WDBS*FV5
IF(OPCSI 1402oI40211404

1402. _VLS2, *!VLS - -DELT*VDLV'S -

1403 WPVS *WPVS -DELT'*(WDB5*FPVS WlI)CFX*FVP)
GO TO 1416

1 405 VLS2 *VLS -DELTiV(DLV.S-iwLCFX*CFvP 4FCP)*RMS/RHOLS-)LWVS/RHULS
60 70 1416

-1406 vi 62 IL ILA - flPLT*Ul 0-c
W~V52 = CVAPSOPSV*IVST - VL321*XMW.VSI(10973*IGS)
IFIOPCg1k 1407,1407,1409

IFIDFLWVS) 1401,1401*l4.08
1408 WVS a WVS2

.L5Z..a.W.4 E4±ift l - DFI tWUSIJinOS
GO TO 1401

1409 iIPVS ft 0,

141n OULWVS a WVS2 -WVS 4DFLTOWDRS*FVS

WVS a WS- bELT~wflRS0FVS

(10 TO 1401

1413 DELWV5 2 WVS2 -vwVS * VELT*(WU)BS*FVS # WDCFX*(FVP+4PHNHMS(
- I#hFI-WUAtIL ~ .4

&414 DELWVS a Qe
WtVS a WV%~ -DEL7*(WOROQV5 + WDCPK4(FVP + rCP)*RMS2
Ill~*utt-rutyu~_ ______j_________

00 TO 1416
1415 wVvsa WVS2

aIC -k t I eltOSEL1JH

1416 DELOWS 0 PGS'IVLS - VLS210*18%
VLS a VLS2

DELOLS a DELT'IWDCFXOuDCLS +WDCFX*00*87*QDLSC -QDLWiS *UDO5LSI
I- DELWVS*HVAPS

?I 4L.[-+ rPLaLSJ1WL-qatE.L-q1 * EPLS6?1 PI I
RHOLS m CRLSI * CRLS2'TLS
VLS a WI.S/RMOLS

CALL TARStV6502541615)
7T a TLS

WItS a WIS -DELT*IWDBS*Fl$ WDCFX*FIP)
WCS a WCS -DELTOIWDBS#FCS -WDCFX*WDCSI
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FV5, * -,VIWG;
FPvS wPVS.WGS

FIS 1. -FVcS -FPVS -FCS
DEWCLS aDELT*WDCFX*WVCLS

wTCLA WTCLF, + UwCLS
NITCS TC.S + DFLT*WPCFXilMCC
wi 'FX--W-T--4KC __________________

wrVCFX v ,TVCFX +. DFLTa*.)DCFX*FVP
WTCCFX - VWTCCFX + P)ELT*IqDCFXOFCI'

ISTG = Y1S( RP .I( t iv'TU)2 -. 1W1T
~w 5TCG 2
VSTG -WSTG?
S.STL - SST GSC
TSTL -. TSIL, + )L1 il: S -,~
L)ELOGS x DETIICX(LFS-UL)VU16~o$-j)bUt)SWUb

I-OELWVS*VSC--fELOW~c
TT u1 -TGS _____

CALL TARS(TToC.PVP&921
CALL TAfS(TTsCPI,109)

TGS - TGS + DELOCASM6(S

14 17 XMWVS 3-a--__
GO TO 14~21

1418 ZFIOPVDS) 14.19*1419*1420
-l4ll-yA aL.JUA3el&V-- . -- _____________________

6O TO 1421
142n Trn TGS

-- CALL-T.&BfiiLs-CKhV156- ----

xmwVS. a XMVWSV(1,el.ISQRTFI 1.*4.*CKSV*YVS'PQS))
1421 IF(FPVS) 1422,1422*1423

0O TO 14.26
1423 IF(OPVOP) 14249142491425
1.424- - MMPV -- § -XMkPV -

GO TO 1426
14.25 TY a TGS

XMWPVS um XbPVI(1.4.1.tSOfT(1*4&OCKPV*YPIS*PGS1 i

14.26 XMWGS *WGS/(WVS/XMWVS +WPVS/XMWPVS * WCSIXMWCS *WISIXMWII

'VPvS c FIPVS*XMWGS/XMWPVS
YCS a FCSOXM.WGSXMWCS

PGS *WGS*10@73*TGS/VGSXMWOS)
PTS *PGS * ZS*RHOLS*ACC4.63S*

END
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SUBROUTINE 11NTO(iUVARFUN4CI.SOL.Ny)

VAR a 6
CALL TANtS(VARsFlJNCsIsv)

x . iAIc
DO 30 1 a 199
VAR a VAR *. H
CALL -A8$4VAR..UNU-4-
x a X + 4**FUNC
VAR a VAR + H
CALL TAIISIVARlilCot,yl

3() x - X + ?.*FUNC
VAR nVAR *H
CALL TAaSlvARENlLLJ..
X . X 4,4.FJNC
VAR L

CALLIAR&lIARAEI Nit **vl

.SOLN 0 (X +FIJNC)*I/3*
C THIS 'fIRU1'Ir' 'N k THL CGt 1*RAL SIMPSON RULE WITH TWENTY
C INIhRVALS FQR THE FVALuATION .OF A DEE-LNl-T.INtERAL& THE
c CALLING SEGUENCL' IG CALL WWPRF

C G a LOWER LIMIT. u It UPPER LIMIT% VAR a VARIAIBLE9
e a Q~tU F A ?AI4IF LQQXIPLON XfI AR Mn IRpIItpE kw___

c SOLN " OI.UTION. Y a A OR b FOR THE U54 OF THE PRIMARY OR SECONDARY
C TANK RFSPFCTIVFLY*

RKTUM~

F1.7
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